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THE RECOVERY OF FAT, CASEIN AND WHEY PROTEINS FROM 
CHEESE WHEY WASTEWATER BY MEMBRANE PROCESSES 
SUMMARY 
Cheese whey wastewater is one of the most important groups of contaminant 
produced in dairy industry.  Approximately 350.000 tones of cheese whey 
wastewater are produced in our country annually. The wastewater contains 
approximately 0.8% of serum proteins.  Lactoalbumine and lactoglobulin are two of 
the major proteins in the wastewater.  In addition to them, the wastewater also 
contain significant amount of lactose, which is a suitable food source for human 
beings.  The cheese whey that includes valuable nutrients can be recovered in 
different types such as lactose, protein recovery and curd production. In Europe, 
cheese whey is usually have been dried and then processed.  The cheese way 
processing is usually performed at large scale processes.  The smaller factories 
usually don’t do any processing on cheese whey.  In such processes, curd is usually 
separated from cheese whey; however, as a result hard to treat, acidic wastewater 
with high oil and grease content is generated. The treatment of such wastewater 
becomes very expensive and therefore, these facilities usually do not perform proper 
treatment. Drying of cheese whey water is used and as a result waste generation 
becomes insignificant. The reuse of the water and recovery of the valuable 
compounds from cheese whey wastewater must be the most preferred method. In this 
process, the valuable compounds can be recovered as powders.  Therefore, these 
processes economically infeasible for small facilities. However, the process is quite 
expensive since energy requirement is high. 
There are various methods for the treatment of milk processing wastewater in the 
literature including packed column bioreactors, anaerobic treatment, reverse osmosis, 
jet-loop membrane bioreactors.  Most of these studies are directed towards the 
treatment of the wastewater.  The water and valuable compound recovery was not the 
main objectives.  Recovery of compounds and reuse of water is beneficial for 
environment and for the economy as well. 
In recent years, whey has been recognised as a major source of nutritional and 
functional ingredients for the food industry. Commercial whey products include 
various powders, whey protein concentrates and isolates, and fractionated proteins, 
such as α-lactalbumin and β-lactoglobulin. The increased interest in separation and 
fractionation of whey components arises from the differences in their functional, 
biological and nutritional properties. In response to concerns about environmental 
aspects, research has been focused on membrane filtration technology, which 
provides exciting new opportunities for large-scale protein and lactose fractionation. 
Membrane separation is such technique in which particles are separated according to 
their molecular size. The types of membrane processing techniques are ultrafiltration, 
microfiltration, reverse osmosis, pervaporation, electrodialysis and nanofiltration. 
The aim of this thesis was to evaluate the potential of using membrane processing 
such as microfiltration and ultrafiltration to concentrate fat, casein and whey protein 
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from whey. Furthermore, the dependency of permeate flux decline on operating 
parameters in cross-flow microfiltration and ultrafiltration of whey at different 
operating pressure, cross-flow rate and temperature was studied. 81 different MF and 
UF experiments were modeled using these 9 MF and UF experiments results. 
Taguchi method used for modeling and the best conditions combinations were 
calculated for high flux, high fat, casein and whey protein concentrations. The 
microfiltration set-up with flat module and Polyethersulfone (PES) membrane with 
0.2µm mean pore size and Cellulose Acetate (CA) membrane with 0,45µm and 
0.2µm mean pore sizes were used. The results showed that the flux and the retention 
of fat were achieved respectively, 11,88 L/m2.h and 100%. The optimum condition in 
these results were determined as CA 0,45µm mean pore size membrane, 6 l/min 
cross-flow rate, 4 bar trans membrane pressure (TMP) and 30oC temperature. 
The ultrafiltration set-up with flat module and UP010, UC010 and UC030 were used. 
The results showed that 100% fat, 62,5% casein, 58% lactose were presented in the 
retentate, 60% whey protein was passed to the permeate and 19,81 L/m2.h flux were 
achieved. In these results, the optimum conditions were determined as UP010 
membrane, 6 l/min cross-flow rate, 8 bar transmembrane pressure (TMP) and 30oC 
temperature. Moreover, the effects of membrane and operation conditions on 
permeate flux and retention of fat, casein, lactose, and whey proteins were also 
reported in this thesis. 
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PEYNİR ALTI ATIK SUYUNDAN, MEMBRAN PROSESLER 
KULLANILARAK YAĞ, KAZEİN VE SERUM PROTEİNLERİNİN GERİ 
KAZANIMI 
ÖZET 
Süt endüstrisinden kaynaklanan atık suların en büyük kaynağını, kirletici 
konsantrasyonu yüksek peynir atık suları oluşturmaktadır. Ülkemizde yılda yaklaşık 
olarak 350.000 ton civarında peynir altı suyu elde edilmekte ve bu sular yaklaşık 
%0.8 oranında serum proteinleri ihtiva etmektedir. Bu proteinler, laktoalbümin ve 
laktoglobülin olup biyolojik değerleri son derece yüksektir. Ayrıca peynir altı 
suyunun önemli oranda laktoz içerdiği ve laktozun insan tüketimi için uygun bir 
besin kaynağı olduğu bilinmektedir. Değerli besin maddeleri içeren peynir altı suları 
çok farklı şekillerde değerlendirilmektedir. Bunlar laktoz üretimi, protein eldesi, lor 
yapımı ve peynir suyu içecekleri şeklinde sıralanabilir.  Avrupa’da genel olarak 
peynir altı suyu kurutularak değerlendirilmektedir. Ülkemizde, peynir altı suyunun 
değerlendirilmesi daha çok büyük kapasiteli işletmelerde yapılmakta; ancak peynir 
üretimimizin büyük bir çoğunluğunun yapıldığı mandıralarda böyle bir 
değerlendirme yapılamamaktadır. Genel olarak küçük tesislerde peynir altı suyunun 
ihtiva ettiği katı maddenin bir kısmı lor olarak alınmasına karşın, bu işlem sonucunda 
oluşan yeni atığın arıtılması, asit ve yağ oranının yüksek olmasından dolayı zor ve 
pahalı olmaktadır. Günümüzde bu tür tesislerin çoğu arıtma yapmadan sularını deşarj 
etmektedirler. En genel uygulama, peynir altı suyunun kurutulma işlemi olup, bu 
proses atık su oluşumuna izin vermez. Peynir altı sularının arıtılmasından ziyade, 
içerdiği suyun önemli miktarının geri kazanılmasının yanında değerli maddeleri 
içeren bir katı ürün olarak peynir altı suyu tozu üretimi uygulamada en uygun çözüm 
olarak gözükmektedir. Böylece, peynir altı atık suyunda bulunan bütün değerli 
maddeler toz ürün halinde ekonomiye geri kazandırılır. Ancak bu süreç, suyun 
buharlaştırılması için vakum ve ısı enerjisi kullanmakta ve yoğun enerji tüketimine 
neden olmaktadır. Bu nedenle söz konusu teknolojilerin önerdikleri proseslerin 
küçük tesislerde uygulanması pek mümkün gözükmemektedir. Süt endüstrisi proses 
atık sularının arıtımı ile ilgili literatürde yapılan çalışmaların başında paket kolon 
biyoreaktörde arıtım, anaerobik arıtım, ters osmoz, jet-loop membran biyoreaktör 
çalışmaları gelmektedir. Literatürde de görüldüğü gibi yapılan çalışmaların çoğu 
arıtmaya yönelik olup su ve değerli maddelerin geri kazanımı gerçekleştirilmemiştir. 
Bu noktadan hareketle, süt endüstrisi atık sularında su içeriğinin tamamıyla geri 
kazanılmasının, ekonomik değerinin yanı sıra besin değeri yüksek maddelerinin 
deşarj ortamında yapacağı etkiler göz önüne alındığında, önemli bir çevre koruma 
yaklaşımı olarak öne çıkacağı söylenebilir. 
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Son yıllarda, peynir altı suyu (PAS)  gıda endüstrisi için önemli bir besin maddesi 
olarak kabul görmüştür. Ticari PAS ürünleri: çeşitli toz, PAS proteini konsantreleri 
ve izolatları ve de protein fraksiyonlarını (α-lactalbumin and β-lactoglobulin) 
içermektedir. PAS bileşenlerinin ayrılmasına artan ilgi, onların fonksiyonel, biyolojik 
ve besinsel özelliklerinin farklarından kaynaklanmaktadır. Membran filtrasyonu 
teknolojisi odaklı çalışmalarda çevre açısından ilgilenilmesine rağmen, büyük ölçekli 
protein ve laktoz ayrımı için yeni imkanlar sağlanmaktadır. Membran ile ayırmanın 
temel prensibi partikülün moleküler boyutuna göre ayrılmasına dayanır. Membran 
proseslerinin tipleri ultrafiltrasyon, mikrofiltrasyon, ters osmoz, diafiltrasyon, 
elektrodializ ve nanofiltrasyondur. 
Bu tezin amacı, peynir altı suyundaki yağ, kazein, serum proteinlerini konsantre 
etmek için kullanılan mikrofiltrasyon ve ultrafiltrasyon gibi membran proseslerin 
potansiyelini değerlendirmektir. Ayrıca, PAS’ın çapraz akışlı mikrofiltrasyon ve 
ultrafiltrasyonunun, farklı işletme basıncı, çapraz akış hızı ve sıcaklıklar altında 
süzüntü akı düşüşünün işletme şartları ile olan ilişkisi üzerine çalışılmıştır. Yapılan 
bu 9 MF ve UF deneyinin sonucu kullanılarak 81 farklı deney modellemesi 
yapılmıştır. Modelleme için Taguchi metodu kullanılmış ve yüksek akı, yüksek yağ, 
kazein ve serum proteinleri konsantrasyonları için en iyi şartların kombinasyonu 
hesaplanmıştır. Mikrofiltrasyon deney düzeneğinde dairesel modül ve ortalama 
0,2µm gözenekli poliethersülfon (PES) membranı, 0,45µm ve 0,2µm gözenek 
genişliklerinde selüloz asetat (CA) membranları kullanılmıştır. Sonuçlara göre, yağın 
%100’ ünün tutulduğu ve akının 11,88 L/m2.h olduğu görülmüştür. Bu sonuçların 
elde edildiği optimum şartların CA0,45µm membran, 6 l/dk çapraz akış hızı, 4 bar 
membran geçiş basıncı (TMP) ve 30 oC sıcaklık olduğu tespit edilmiştir. 
Ultrafiltrasyon deney düzeneğinde düz modül ve UP010, UC010, UC030 
membranları kullanılmıştır. Sonuçlara göre, yağın %100’ ünün, kazeinin %62,5’inin 
laktozun %58’inin tutulduğu, serum proteinin %60’ının süzüntüye geçtiği ve akının 
19,81 L/m2.h olduğu görülmüştür. Bu sonuçların elde edildiği optimum şartların 
UP010 membran, 6 l/dk çapraz akış hızı, 8 bar membran geçiş basıncı (TMP) ve 30 
oC sıcaklık olduğu tespit edilmiştir. Buna ek olarak, bu tezde membran ve işletme 
şartlarının, süzüntü akısı ve yağ, kazein, laktoz ve serum proteinleri tutulumu üzerine 
etkileri incelenmiştir. 
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1. INTRODUCTION 
Cheese whey is the yellow-green liquid remaining after the precipitation and removal 
of milk casein during cheese making. Whey, a by-product of cheese production, is 
important in the dairy industry because of the volume produced and its nutritional 
composition: the production of 1-2 kg of cheese yields 8-9 kg of whey. Whey protein 
concentrates and isolates are used as food additives in the production of a variety of 
baked goods, dairy products, meats, and beverages (Cayot and Lorient, 1997). 
However, the lack of consistency in the gross composition and functionality of these 
products has limited their acceptance by the food processing industry (Morr and Ha, 
1993). Commercial whey protein concentrates can also develop a stale of-flavor due 
to the presence of lipid and protein impurities (Morr and Ha, 1991). In addition, the 
unique nutritional, therapeutic, and functional characteristics of the individual whey 
proteins are largely unrealized in these whey products due to interactions between 
components and degradation during processing. Thus, there has been considerable 
commercial interest in the production of individual (purified) whey proteins with 
well-characterized functional and biological properties. 
Whey represents about 85-95% of the milk volume and retains 55% of milk 
nutrients. Normal milk contains 30-35 g/L proteins, approximately 78% of which are 
caseins with the remainder being the whey proteins. The caseins are insoluble at pH 
4,6 and 200C. They are organized in milk in the form of large spherical micelles. The 
caseins are used primarily in the manufacture of cheese, but they can also be added 
to baked goods, sausages, etc. In addition, the caseins can be used to prepare 
biologically active peptides for use as diet supplements and as natural drugs, e.g., β-
casomorphin is a peptide with morphine-like activity that is derived from β-casein 
(Maubois and Ollivier, 1997). 
The proteins that appear in the supernatant after precipitation of casein in milk are 
called whey proteins. Whey is a product of cheese manufacture. This side product is 
powdered and commonly used in the nutritional industry. It is known that whey is 
rich in milk serum proteins. Major whey proteins are β-lactoglobulin, α-lactalbumin, 
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serum albumin, immunoglobulins and glycomacropeptide and minor whey proteins 
are lactoferrin, lactoperoxidase, lizozim. Whey and its components are involved in 
different biological functions including antioxidant activity, anticarcinogenic effects, 
immunomodulation, passive immunity, disease protection, anti-bacterial, anti-
microbial and anti-viral effects, binding of toxins, promotion of cell growth, platelet 
binding, anti-inflammatory and anti-hypertensive actions. The scope of this study is 
to identify the effects of some operating parameters (operating pressure, cross flow 
rate, temperature etc.) in cross-flow microfiltration and ultrafiltration of whey and to 
find optimum conditions for maximum separation and high flux. The purpose of this 
study was to evaluate the potential of using a methodology based on the 
microfiltration and ultrafiltration of whey for the recovery of fat, casein, lactose and 
whey protein. In this study, a total of 26 experiments were conducted to 
ultrafiltration and microfiltration. 13 item of them owned by microfiltration. 81 
experiments were estimated by the Taguchi's approach to the design of experiments 
using the results of these 9 experiments. 
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2. CHEESE WHEY 
 
Cheese whey is liquid remaining after the precipitation and removal of milk casein 
during cheese making. This by-product represents about 85-95% of the milk volume 
and retains 55% of milk nutrients. Whey is a by-product of cheese production which 
is used mainly as animal feed or released into the wastewater treatment process, 
although it is rich in valuable components. Cheese whey is the aqueous phase that 
separates from the curds during cheese making or casein production. Whey contains 
93-94% water, 63-67 g/L dry matter, 45-50 g/L lactose, 7-9 g/L protein, 6-8 g/L 
salts, and 1-2 g/L fat. The composition of the whey in percent w/w is as follows 
Table 2.1. 
Table 2.1: Content of cheese whey (Abderrazak et al., 2008). 
Component % 
Water content ~94 
Total solids 6,40 
Protein 0,74 
Lactose 4,89 
Minerals 1,1 
Fat 0,20 
pH 5,90 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 4 
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3. WHEY PROTEINS 
Whey protein contains a group of globular proteins: β-lactoglobulin (β-Lg), α-
lactalbumin (α-La), bovine serum albumin (BSA), immunoglobulins (Ig) and 
lactoferrin. Protein is currently the component of whey that produces the greatest 
value. Not only is the biological value of whey protein superior to most other 
proteins (Harper, 2000; Bell, 2000), but also whey proteins have proportionately 
more sulfur-containing amino acids (e.g., cysteine, methionine) (German et al., 
2000). Sulfur amino acids help maintain levels of antioxidant peptides in the body. 
Cysteine is a rate-limiting amino acid for the biosynthesis of glutathione, an 
antioxidant, anticarcinogen, and immune stimulating sulfurcontaining tripeptide. 
Compared to other protein sources, whey proteins have higher concentrations of the 
branched chain amino acids, L-isoleucine, L-leucine, and L-valine (German et al., 
2000). Because branched chain amino acids help regulate muscle protein synthesis, 
their potential use for athletes and others aiming to achieve optimal lean muscle mass 
is an area of active investigation. 
It is known that whey is rich in milk serum proteins. Major whey proteins are β-
lactoglobulin, α-lactalbumin, serum albumin, immunoglobulins and 
glycomacropeptide and minor whey proteins are lactoferrin, lactoperoxidase, 
lizozim. Whey and its components include different biological functions. The most 
abundant protein in whey is β-Lg, which represents 10% of total milk protein and 
approximately 50% of whey protein; it has a molar mass of 18,3 kDa. The second 
most abundant protein in whey is α-La, comprising approximately 2% of total milk 
protein and 15-25% of the total protein in whey. The molecule consists of 123 amino 
acids and has a molar mass of 14,1 kDa. These whey proteins are listed in Table 3.1. 
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Table 3.1 :  Concentrations and biological activities of whey proteins, adapted from Zydney 
(1998). 
Proteins 
Concentration 
(g/L) 
Biological 
Functions 
Molecular weight 
(g/mol) 
Caseins 
28 
Transport ion (Ca, 
PO4, Fe, Zn, Cu), 
Biologically active 
peptide. 
20.000 – 24.000 
β-lactoglobulin 
(monomer) 2,7 
A transport protein 
for retinol, 
Fatty acids binding, 
possible antioxidant. 
18.362 
α-lactalbumin 
1,2 
Lactose synthesis in 
mammary gland,  
Ca carrier, 
immunomodulation, 
anticarcinogenic. 
14.147 
Immunoglobulins 0,65 Immune protection. 150.000-1.000.000 
Glycomacropeptide 1,2 Antiviral, 
bifidogenic. 
7000 
Lactoferrin (LF) 
0,1 
Antimicrobial, 
antioxidative, 
immunomodulation, 
iron absorption, 
anticarcinogenic. 
78.000 
Lactoperoxidase 0,02 Antimicrobial. 89.000 
Bovine serum 
albumin 
0,4 - 69.000 
Lysozyme 
0.0004 
Antimicrobial, 
synergistic effect 
with 
immunoglobulins 
and LF 
- 
Owing to the functional, physiological and biological specification of each of the 
whey proteins, there is a growing interest in the fractionation of these proteins, 
because generally these characteristics are not noted in the whey and whey-protein 
concentrates due to interactions with other components (Bramaud et al. 1997; 
Zydney 1998). 
Beta-lactoglobulin comprises 50 to 60% of total whey protein. Beta-lactoglobulin 
binds retinol (provitamin A) and has been proposed to be a transport protein for 
retinol (Harper, 2000). Beta-lactoglobulin is a rich source of the essential amino acid 
cysteine, which is important for the synthesis of glutathione. 
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Alpha-lactalbumin accounts for about 25% of total whey protein. In the mammary 
gland, alpha-lactalbumin acts as the coenzyme in the biosynthesis of lactose. In some 
countries, alpha-lactalbumin is used commercially in infant formulas to make the 
formula more similar to human milk. In addition, alpha-lactalbumin may enhance 
immunity and reduce risk of some cancers (German et al., 2000, Harper, 2000). 
Because alpha-lactalbumin is a good source of branched chain amino acids, it may 
also be used in sports nutrition products (German et al., 2000). 
The immunoglobulins in bovine whey (and colostrum) include IgA and secretory 
IgA; IgG1, IgG2, and IgG fragments; IgM; and IgE. This group of whey proteins 
provide passive immunity for infants and may stimulate immune function in adults 
(German et al., 2000, Harper, 2000). 
Bovine serum albumin binds fatty acids and other small molecules. Because of its 
high cysteine content, bovine serum albumin may be an important source for the 
production of glutathione in the liver. 
Lactoferrin which is iron-binding whey protein appears to have multiple biological 
functions. These include iron transport, antibacterial and toxin binding properties, 
promotion of cell growth, stimulation of the growth of beneficial intestinal bacteria 
(e.g., Bifidobacteria), antioxidant properties, and immunomodulating and 
antiinflammatory effects (German et al., 2000, Harper, 2000). Lactoferrin is used in 
infant formula in some countries to provide a formula similar in protein composition 
to human milk and to enhance iron absorption without causing constipation. Many of 
the proposed biological activities of lactoferrin are related to its iron-binding 
properties although non-iron-binding activities have also been demonstrated 
(Schaafsma and Steijns, 2000; German et al., 2000; Schupbach et al., 1996). 
Lactoperoxidase is a natural antimicrobial agent with a variety of potential 
applications including use in dental products such as toothpaste and mouth rinses to 
inhibit the development of dental caries (German et al., 2000, Harper, 2000). 
Whey contains peptides both present in milk and formed by the hydrolysis of various 
milk constituents, including casein. Glycomacropeptide (GMP), perhaps the most 
notable, is produced by the action of the enzyme, chymosin, on kcasein (German et 
al., 2000, Harper, 2000). Beneficial biological roles attributed to GMP or peptides 
derived from include stimulation of cholecystokinin (a hormone regulating energy 
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and food intake) release from intestinal cells, inhibition of platelet aggregation, and 
support of beneficial intestinal bacteria (i.e., Bifidobacteria) (German et al., 2000, 
Harper, 2000). In an in vitro study, GMP prevented adhesion of cariogenic bacteria 
to tooth surfaces, leading researchers to speculate that GMP may reduce dental caries 
(Schupbach et al., 1996). Because GMP lacks the amino acid phenylalanine, GMP 
has potential use as an ingredient in foods for patients with phenylketonuria (PKU). 
These patients are unable to metabolize phenylalanine and therefore must be 
provided diets free of phenylalanine (Harper, 2000). Peptides derived from 
betalactoglobulin in whey have antihypertensive activity in spontaneously 
hypertensive rats (Abubakar et al. 1998). Other peptides such as lactoferricin, which 
is derived from lactoferrin, exhibit antimicrobial activity (Schaafsma and Steijns, 
2000). 
Different whey proteins, when solely obtained, can be great interest for re-use. 
Fractionation of above mentioned whey proteins, especially beta-lactoglobulin and 
alphalactalbumin can be achieved by membrane processes in high purity to be 
specifically used in different industries such as pharmaceutical industry.
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4. THE IMPORTANCE OF WHEY IN TERMS OF ENVIRONMENTAL 
POLLUTION 
Whey is a by-product of the cheese industry. Cheese whey disposal has long been a 
problem for the dairy industry. Most medium and small cheese producers still 
dispose of their whey or whey permeate directly on farmland, which can pose an 
environmental risk. Approximately half of world cheese whey production is not 
treated, but is discharged as effluent. In our country, the cheese production of 40.000 
tons per year, in this case 360.000 tons per year whey is produced which is reported 
by The Ministry of Environment and Forestry (www.cevreorman.gov.tr). Whey 
represents an important environmental problem because of the high volumes 
produced and its high organic content. Lactose is largely responsible for the high 
biological oxygen demand (BOD5) and chemical oxygen demand (COD), since 
protein recovery reduces only about 12% of the whey COD. 
Whey is the liquid fraction that is drained from the curd during the manufacture of 
cheese. Typically, every 100 kg of milk will give about 10-20 kg of cheese, 
depending on the variety, and about 80-90 kg of liquid whey. Worldwide, whey 
production is estimated at 180×106 ton/year. Its disposal is a major problem for the 
dairy industry as reflected by its composition. Whey retains about half of the total 
solids in milk, especially lactose, soluble proteins and minerals (Zadow 1992; Miller 
et al. 2000). It has low solids content and a very unfavorable lactose/protein ratio, 
which makes it difficult to utilize as is. BOD5 is 32.000 to 60.000 ppm and COD 
equal to 60.000-80.000 ppm, which creates a very severe disposal problem. 
Whey represents an important environmental problem due to the high volumes 
produced and its high organic matter content. About 50% of total world cheese whey 
production is now treated and transformed into various food products, of which about 
45% has been reported to be used directly in liquid form in the EU, 30% in the form 
of powdered cheese whey, 15% as lactose and delectated by-products, and the rest as 
cheese whey protein concentrates. Also BOD reductions of higher than 75%, with 
the concomitant production of biogas, and ethanol have been achieved (V.Gekas et. 
al., 1985). The produced effluent, even after these relatively high reductions of BOD, 
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is not considered as sufficiently clean to be disposed of, and needs further treatment. 
Whey is an acidic and the high percentage of fat material due to treatment’s being 
expensive. Nowadays, in our country, most of dairy industry is low capacity and 
primitive because of not having treatment plant. Therefore, in most of the related 
industries (especially small-sized facilities), whey wastewaters which could lead to 
serious pollution problems in receiving areas are directly discharged into the 
environment without any treatment. 
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5. RECOVERY OF WHEY PROTEINS 
Whey protein concentrates and isolates are used as food additives in the production 
of a variety of baked goods, dairy products, meats, and beverages (Cayot and 
Lorient, 1997). However, the lack of consistency in the gross composition and 
functionality of these products has limited their acceptance by the food processing 
industry (Morr and Ha, 1993). Commercial whey protein concentrates can also 
develop a stale off-flavor due to the presence of lipid and protein impurities (Morr 
and Ha, 1991). In addition, the unique nutritional, therapeutic, and functional 
characteristics of the individual whey proteins are largely unrealized in these whey 
products due to interactions between components and degradation during processing. 
There has thus been considerable commercial interest in the production of individual 
(purified) whey proteins with well-characterized functional and biological properties. 
Today various technologies of ranging complexity, reliability and cost have been 
developed to forestall pollution by waste whey and to find uses for this by-product. 
These treatments very often involve separating the major components, first of all to 
eliminate water. The extraction of lactose, proteins and salts affords various. Whey 
proteins were originally isolated using various techniques of precipitation, but 
nowadays, membrane technologies and  chromatography are used or techniques of 
precipitation with complexing agents (Scopes 1988). Zydney (1998) showed that it 
was possible to fractionate the constituents of whey of whey using a system of 
membranes and changes in the pH and ionic strength of solutions. This technique 
may have applications at a large scale if appropriate conditions are used. 
Membrane technology is finding interesting applications in the water industry. 
Developments in membrane technology have created the opportunity for an entirely 
new approach to cheese technology. Membrane processes have some advantages that 
make the membrane treatment attractive such as continuous operation, no pollution 
of the environment, small space requirements, suitable for high salt contents, easy 
transportation, simple operation, no civil construction necessary at the site and 
reduced cost with technological environments (Koyuncu et. al., 2000). Membrane 
systems are used extensively throughout the dairy industry to control the protein, fat, 
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and lactose content of a variety of products. These membrane processes have been 
successful because they can be effectively and economically implemented at the 
large scale required for most dairy applications. Ultrafiltration/diafiltration (UF/DF) 
has been used to separate whey protein from lactose sugar and other components in 
the whey. Whey protein has found a good market as a food additive or protein 
supplement. The permeate stream after UF/DF is mainly composed of lactose, salts, 
and a lot of water, which can be dried to produce whey permeate powder 
(deproteinized whey). Drying of whey permeate need to remove large amount of 
water, which is an energy-intensive process. The lactose sugar fraction in cheese 
whey can be used to produce value-added products such as lactic acid, ethyl alcohol, 
and methane gas or to grow cells for an antibacterial compound, but this is not 
currently in full-scale production. Ultra filtration (UF) uses polymeric or ceramic 
membranes which are fully retentive to the whey proteins to remove lactose and 
minerals, yielding a retentate stream that can be further processed by evaporation and 
spray drying. The net result is a whey protein concentrate that is around 60% protein 
by weight, making this an attractive animal feed supplement. The lactose and mineral 
content in the whey protein concentrate can be further reduced using a subsequent 
diafiltration (DF) in which deionized water is continually added to the retentate while 
lactose and minerals are simultaneously removed in the filtrate. This combined UF-
DF yields a high value retentate (approximately 85% protein) which can be added to 
a number of dairy products (e.g., yoghurt or cottage cheese) or used in a variety of 
beverages, processed meats, and baby foods. 
In this context, today’s work aimed to used whey, a by-product of the cheese and 
casein production, by transforming it into products with high nutritional and 
functional values for use in the food and pharmaceutical industries. 
5.1 Recovery Products 
The following individual whey proteins, in order of decreasing concentration in 
whey are potential candidates for ingredients in functional foods. 
• Beta-lactoglobulin: This protein comprises 50 to 60% of total whey protein. 
Betalactoglobulin binds retinol (provitamin A) and has been proposed to be a 
transport protein for retinol (Harper, 2000). Beta-lactoglobulin is a rich source of the 
essential amino acid cysteine, which is important for the synthesis of glutathione. 
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• Alpha-lactalbumin: This protein accounts for about 25% of total whey protein. In 
the mammary gland, alpha-lactalbumin acts as the coenzyme in the biosynthesis of 
lactose. In some countries, alpha-lactalbumin is used commercially in infant 
formulas to make the formula more similar to human milk. In addition, alpha 
lactalbumin may enhance immunity and reduce risk of some cancers (German et al., 
2000, Harper, 2000). Because alpha-lactalbumin is a good source of branched chain 
amino acids, it may also be used in sports nutrition products (German et al., 2000). 
• Immunoglobulins. The immunoglobulins in bovine whey (and colostrum) include 
IgA and secretory IgA; IgG1, IgG2, and IgG fragments; IgM; and IgE. This group of 
whey proteins provides passive immunity for infants and may stimulate immune 
function in adults (German et al., 2000, Harper, 2000). 
• Bovine serum albumin. Bovine serum albumin binds fatty acids and other small 
molecules. Because of its high cysteine content, bovine serum albumin may be an 
important source for the production of glutathione in the liver. 
• Lactoferrin. This iron-binding whey protein appears to have multiple biological 
functions. These include iron transport, antibacterial and toxin binding properties, 
promotion of cell growth, stimulation of the growth of beneficial intestinal bacteria 
(e.g., Bifidobacteria), antioxidant properties, and immunomodulating and 
antiinflammatory effects (German et al., 2000, Harper, 2000). Lactoferrin is used in 
infant formula in some countries to provide a formula similar in protein composition 
to human milk and to enhance iron absorption without causing constipation. Many of 
the proposed biological activities of lactoferrin are related to its iron-binding 
properties, although non-iron-binding activities have also been demonstrated 
(Schaafsma and Steijns, 2000; German et al., 2000; Schupbach et al., 1996). 
• Lactoperoxidase. This milk enzyme is a natural antimicrobial agent with a variety 
of potential applications including use in dental products such as toothpaste and 
mouth rinses to inhibit the development of dental caries (German et al., 2000, 
Harper, 2000). 
• Other Peptides. Whey contains peptides both present in milk and formed by the 
hydrolysis of various milk constituents, including casein. Glycomacropeptide 
(GMP), perhaps the most notable, is produced by the action of the enzyme, 
chymosin, on kcasein (German et al., 2000, Harper, 2000). Beneficial biological 
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roles attributed to GMP or peptides derived from it include stimulation of 
cholecystokinin (a hormone regulating energy and food intake) release from 
intestinal cells, inhibition of platelet aggregation, and support of beneficial intestinal 
bacteria (i.e., Bifidobacteria) (German et al., 2000, Harper, 2000). In an in vitro 
study, GMP prevented adhesion of cariogenic bacteria to tooth surfaces, leading 
researchers to speculate that GMP may reduce dental caries (Schupbach et al., 1996). 
Because GMP lacks the amino acid phenylalanine, GMP has potential use as an 
ingredient in foods for patients with phenylketonuria (PKU). These patients are 
unable to metabolize phenylalanine and therefore must be provided diets free of 
phenylalanine (Harper, 2000).Peptides derived from betalactoglobulin in whey have 
antihypertensive activity in spontaneously hypertensive rats (Abubakar et al. 1998). 
Other peptides such as lactoferricin, which is derived from lactoferrin, exhibit 
antimicrobial activity (Schaafsma and Steijns, 2000). 
They are known to be involved in antioxidant activity, anticarciogenic effects, 
immunomodulation, passive immunity, anti-microbial effects, binding of toxins, 
promotion of cell growth, platelet binding, anti-inflammatory and anti-hypertensive 
actions. 
Different whey proteins, when solely obtained, can be of great interest for re-use. 
Fractionation of above mentioned whey proteins, especially beta-lactoglobulin and 
alphalactalbumin can be achieved by membrane processes in high purity to be 
specifically used in different industries such as pharmaceutical industry. 
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6. MEMBRANE PROCESSES 
Filtration is defined as the separation of two or more components from a fluid stream 
based primarily on size differences. Principles of membrane filtration is given in 
Figure 6.1. The filtration membrane can be described as an interphase that acts as a 
selective barrier. In conventional usage, it usually refers to the separation of solid 
immiscible particles from liquid or gaseous streams. Membrane filtration extends this 
application further to include the separation of dissolved solutes in liquid streams and 
for separation of gas mixtures. In membrane separation, a similar technique to 
traditional filtration, particles are separated on the basis of their molecular size and 
shape with the use of pressure and specially-designed semi-permeable membranes. 
The most common membrane processes are ultrafiltration (UF), microfiltration (MF), 
reverse osmosis (hyperfiltration) (RO/HF), pervaporation, nanofiltration (NF), 
electrodialysis (ED). 
The membrane separation techniques utilized in the dairy industry serve different 
purposes: 
RO: Used for dehydration of whey, UF permeate and condensate.  
NF: Used when partial desalination of whey, UF permeate or retentate is required.  
UF: Typically used for concentration of milk proteins in milk and whey and for 
protein standardization of milk intended for cheese, yoghurt and some other 
products.  
MF: Basically used for reduction of bacteria in skimmilk, whey and brine, but also 
for defatting whey intended for whey protein concentrate (WPC) and for protein 
fractionation. 
The general flow patterns of the various membrane separation systems are illustrated 
in Figure 6.1. 
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Figure 6.1: Principles of membrane filtration (Dairy Processing Handbook). 
The primary role of a membrane is to act as a selective barrier. It should permit 
passage of certain components and retain certain other components of a mixture. By 
implication, either the permeating stream or the retained phase should be enriched in 
one or more components. A membrane can be gaseous, liquid, or solid or 
combinations of these. Membranes can be further classified by  
 Nature of the membrane “natural versus synthetic”. 
 Structure of the membrane “porous versus nonporous, its morphological 
characteristics, or as liquid membranes”. 
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 Application of the membrane “gaseous phase separations, gas-liquid, liquid-
liquid, etc.” 
 Mechanism of membrane action “adsorptive versus diffusive, ion-exchange, 
osmotic or nonselective (inert) membranes”. 
Membranes can also physically or chemically modify the permeating species, (as 
with ion-exchange or biofunctional membranes), conduct electric current, prevent 
permeation (e.g., in packaging or coating applications), or regulate the rate of 
permeation (as in controlled release technology). Thus, membranes may be either 
passive or reactive, depending on the membrane’s ability to alter the chemical nature 
of the permeating species. Ionogenic groups and pores in the membrane confer 
properties such as perm selectivity and semi permeability.  
Membrane filtration processes are gaining popularity in a wide range of applications 
to remove a variety of chemical and biological contaminants of the wastewaters. 
Membrane technologies offer a number of distinct advantages including more 
compact installation, absolute barrier for certain microorganisms, less chemical 
requirements, greater reliability and little restriction to presence of toxic compound 
(Hong, 2003). 
One of the most successful applications of membrane technology is the processing of 
whey.  
Whey processing represents one of the first fields of application of membrane 
processes in the dairy industry. 
There are broadly four categories of membrane types, with classification being 
dependent on the pore size of the membrane. These categories, from smallest to 
largest pore size, are reverse osmosis (RO), nanofiltration (NF), ultrafiltration (UF) 
and microfiltration (MF) (See Figure 6.2). 
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Figure 6.2: Categories of membrane separation processes.
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6.1 History of Membrane Processes 
Abbe Nollet observed that water diffuses from a dilute solution to a more 
concentrated one when separated by a semi permeable membrane. In 1855, Fick 
developed the first synthetic membrane, made apparently of nitro cellulose.  
Developed by Professor Richard Adolf Zsigmondy at the University of Göttingen, 
Germany, in 1935, membrane filters were first commercially produced by Sartorius 
GmbH a few years later. Membrane filters found immediate application in the field 
of microbiology and in particular in assessment of safe drinking water.  
The rapid developments in membrane filtration techniques in the 1970’s provided 
new possibilities for whey proteins manufacture. Since then, whey protein 
concentrates (WPC) and isolates (WPI) with various properties have been produced 
as food ingredients (Van Reis and Zydney, 2007). 
Increasingly used in drinking water treatment, it effectively removes major 
pathogens and contaminants such as Giardia lamblia cysts, Cryptosporidium 
oocysts, and large bacteria. For this application the filter has to be rated for 0.2 µm or 
less. For mineral and drinking water bottlers, the most commonly used format is 
pleated cartridges usually made from polyethersulfone (PES) media. This media is 
asymmetric with larger pores being on the outside and smaller pores being on the 
inside of the filter media. 
Microfiltration membranes were first introduced to the municipal water treatment 
market in 1987 and applied primarily to waters that were relatively easy to treat. 
These were cold, clear source waters that were susceptible to microbial 
contamination. Low pressure membranes were selected to remove turbidity spikes 
and pathogens without chemical conditioning. As low pressure membranes increased 
in acceptance and popularity, users began to apply the technology to more difficult 
waters which contained more solids and higher levels of dissolved organic 
compounds. Some of these waters required chemical pretreatment, including pre-
chlorination. These shifts in water quality triggered change in low pressure 
membrane technology. New products and processes were introduced to deal with 
higher solids and chemical compatibility. 
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6.2 Types of Filtration 
There are two ways to operate filtration equipment which are given in Figure 6.3 : 
the dead-end or cross flow mode. Some equipment such as pleated cartridges is 
operated in the dead-end mode, in which the feed is pumped directly towards the 
filter. There is one stream entering the filter module and only one permeate stream 
leaving the filter. However, most ultrafiltration and microfiltration modules are 
operated in the cross flow mode, in which the feed is pumped across or tangentially 
to the membrane surfaces. In this mode, there is one stream entering the module and 
two streams leaving the module: the retentate and the permeate. 
 
Figure 6.3: Compares schematically dead end and cross-flow filtrations. 
The main advantage of the dead-end filtration mode is simplicity. The feed 
suspension is not recycled or passed across the membrane. However, intensive 
concentration polarization and fouling can occur under these conditions. In contrast, 
the cross flow membrane filtration will continuously scour the rejected contaminants 
away from the membrane surface, thereby, minimizing the buildup of contaminants 
on the membrane surface and the extent of membrane fouling. Although membrane 
cleaning is still periodically required, the self cleaning nature of cross flow filtration 
lengthens the filtration cycle prior to backwash. Thus, it has been widely used in 
nearly all commercial large scale pressure driven membrane plants (Gould et. al., 
2003).
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7. STRUCTURE OF MEMBRANES 
Various membrane materials have been proposed for water and wastewater 
treatment. Depending on the applications, both organic polymers and inorganic 
materials with wider pH and temperature range have become available. Ideally, the 
membrane to be used should have high permeate flux, good contaminant rejection, 
great durability, strong chemical resistance and low cost (Hong, 2003). 
A survey of the scientific and patent literature indicates that over 130 materials have 
been used to manufacture membranes; however, only a few have achieved 
commercial status, and fewer still have obtained regulatory approval for use in food, 
pharmaceutical, and kindred applications. 
7.1 Cellulose Acetate (CA) 
Cellulose acetate (CA) is the classic membrane material used by the pioneers of 
modern membrane technology to create skinned membranes. The raw material is 
cellulose, which is a polymer of β-1,4 linked glucose units. Cellulose acetate is 
prepared from cellulose by acetylation, i.e., reaction with acetic anhydride, acetic 
acid, and sulfuric acid. 
There are several advantages to the use of CA and its derivatives as membrane 
materials: 
1. Hydrophilicity, which is very important in minimizing fouling of the 
membrane. 
2. Wide range of pore sizes can be manufactured, from RO to MF, with 
reasonably high fluxes; this combination has rarely been duplicated with 
other membrane materials. 
3. CA membranes relatively easy to manufacture. 
4. Low cost. 
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Among the disadvantages of CA membranes are; 
1. A fairly narrow temperature range: Most manufacturers recommend a 
maximum temperature of 30°C, which is a disadvantage from the point of 
view of flux (since higher temperatures lead to higher diffusivity and lower 
viscosity, both of which lead to higher flux) and sanitation, since this 
temperature is particularly conducive to microbial growth. Blends of CA and 
CTA can tolerate temperatures of 35-40°C, although under carefully 
controlled operating conditions. 
2. A rather narrow pH range: Most CA membranes are restricted to pH 2-8, 
preferably pH 3-6. The polymer hydrolyzes easily under more acidic 
conditions, since acid tends to attack the β-glucosidic links in the cellulose 
backbone, which could lead to a loss in molecular weight and a consequent 
loss in structural integrity. Highly alkaline. Conditions, on the other hand, 
cause deacetylation, which will affect selectivity, integrity, and permeability 
of the membrane. Higher temperatures accelerate the degradation. In water 
treatment applications, where cleaning is infrequent, CA membranes have a 
lifetime of about 4 years under normal usage at pH 4-5, 2 years at pH 6, and a 
few days at pH 1 or 9. This narrow range of pH tolerance is sometimes a 
problem in developing cleaning procedures with CA membranes, since most 
cleaning solutions, especially in the food and bioprocessing industries, tend to 
be alkaline. 
3. Another problem is the poor resistance of CA to chlorine. Less than 1 mg/L 
free chlorine is suggested under continuous exposure and 50 mg/L in a shock 
dose. Chlorine oxidizes cellulose acetate and weakens the membrane, 
opening up the pores. This results in a temporary large increase in water flux, 
but it also leads to poor long-term operating lifetime. Chlorine is almost a 
universal sanitilizer in the process industries, and this poses a special problem 
in these applications. 
4. CA is also reported to undergo the "creep" or compaction phenomenon to a 
slightly greater extent than other materials, i.e., gradual loss of membrane 
properties (most notably flux) under high pressure over its operating lifetime. 
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5. CA is also highly biodegradable; i.e., it is highly susceptible to microbial 
attack due to the nature of its cellulose backbone. Not being able to use the 
usual sanitizers such as chlorine adds to the problem, and thus cellulose 
acetate membranes have relatively poor storage properties. 
7.2 Polysulfone Membranes 
The family of polysulfone membranes are widely used in MF and UF. Polysulfone 
itself is characterized by having in its structure diphenylene sulfone repeating units. 
Polysulfone (PS) and polyethersulfone (PES), especially the latter, which is widely 
used today, are considered breakthroughs for MF and UF applications due 
principally to the following favorable characteristics: 
1. Wide temperature limits: Typically, temperatures up to 75 °C can be used 
routinely, although some manufacturers are claiming their PS and PES 
membranes can be used up to 125 °C. This would be an advantage in 
fermentation and biotechnology where sterility is maintained by heat 
treatment  at 121 °C and in some process applications where the viscosity of 
the process stream is much lower at high temperature, the more carefully we 
have to select other operating parameters, such as pH, pressure. 
2. Wide pH tolerances: PS/PES can be continuously exposed to pH from 1 to 
13. This is definitely an advantage for cleaning purposes. 
The main disadvantages of PS and PES are the apparent low pressure limits and 
hydrophobicity, which leads to an apparent tendency to interact strongly with a 
variety of solutes, making it prone to fouling in comparison to the more hydrophilic 
polymers such as cellulose and regenerated cellulose. 
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8. MICROFILTRATION (MF) 
Cross-flow microfiltration is an efficient and energy-saving process that has been 
widely used in separating fine particles (in the range of 0.1 to 10 µm) in chemical, 
biotechnological and food processing industries. In the dairy industry, cross-flow 
microfiltration is used for bacteria removal, fat removal, fractionation of milk 
proteins and separation of casein micelles and whey proteins. The major application 
of microfiltration is the pretreatment of whey to produce whey protein concentrate 
(WPC) during ultrafiltration. This serves to remove undesirable components such as 
fat and casein micelles. 
Microfiltration is the process of filtration with a micrometer sized filter. The filters 
can be in a submerged configuration or a pressure vessel configuration. 
Microfiltration (MF) membrane ratings were established based on their ability to 
retain microorganisms. Thus, the microbial challenge test is the most common 
method of evaluating MF membranes. 
Microfiltration has become an industrial process of considerable technical and 
economic importance, and has major applications within the food, biotechnology and 
water treatment industries. 
MF membrane is generally porous enough to pass molecules of true solutions, even 
if they are large. Microfilters can also be used to sterilize solutions, as they are 
prepared with pores smaller than 0.3 microns, the diameter of the smallest bacterium, 
pseudomonas diminuta. The MF membranes are made from natural or synthetic 
polymers such as cellulose nitrate or acetate, polyvinylidene difluorie (PVDF), 
polyamides, polysulfone, polycarbonate, polyproppylene. The inorganic materials 
such as metal oxides, glass, zirconia coated carbon are also used for manufacturing 
the MF membranes (www.osmonics.com). 
The major application of MF is as a pretreatment for UF of whey. Whey usually 
contains small quantities of fat (in the form of small globules of 0,2 – 1 µm) and 
casein (as fine particulates of 5-100 µm). Centrifugal separation of whey does not 
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completely remove the fat and casein fines. Thus, when the whey is ultrafiltered, 
these components can prevent the attainment of high purity, as well as having 
detrimental effects on the functional properties of the whey protein concentrate 
(WPC). MF (both conventional and CPF with tighter membranes of 0,1-0,2 µm) can 
effectively remove substantial quantities of these undesirable components. 
Fat/protein ratios of 0,07-0,25 in whey can be reduced to 0,001-0,003 by MF (Van 
der Horst and Hanemaaijer, 1990). In addition, some of the precipitated salts may be 
removed, and there is a considerable reduction in microbial load. 
The key factor in MF of whey is the pretreatment. Operating the MF system at low 
transmembrane pressure (TMP) during MF is also important to minimize fouling 
(Gesan et al. 1995). In addition, the high pH and temperature cause precipitation of 
calcium phosphate, which is also removed during MF. This reduces the fouling in the 
subsequent UF step, which is done at pH 7.5 and 55°C, resulting in higher flux. 
If the MF system is part of a WPC operation, then it might be better to partially 
concentrate the whey proteins by UF before MF. This serves two purposes: it reduces 
the flow rate through the MF system and thus its cost and it improves the efficiency 
of fat removal by increasing its concentration and enhancing coalescence during 
pumping through the UF system. 
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9. ULTRAFILTRATION (UF) 
Ultrafiltration (UF) is the process of separating extremely small particles and 
dissolved molecules from fluids. The primary basis for separation is molecular size, 
although in all filtration applications, the permeability of a filter medium can be 
affected by the chemical, molecular or electrostatic properties of the sample. 
Ultrafiltration (UF) is a variety of membrane filtration in which hydrostatic pressure 
forces a liquid against a semipermeable membrane. Suspended solids and solutes of 
high molecular weight are retained, while water and low molecular weight solutes 
pass through the membrane. This separation process is used in industry and research 
for purifying and concentrating macromolecular (103 - 106 Da) solutions, especially 
protein solutions. Ultrafiltration is not fundamentally different from microfiltration, 
nanofiltration or gas separation, except in terms of the size of the molecules it 
retains. Ultrafiltration is applied in cross-flow or dead-end mode and separation in 
ultrafiltration undergoes concentration polarization. 
A good example of the successful application of membrane technology, and UF in 
particular, is the processing of cheese whey. 
Today, whey protein concentrates produced by ultrafiltration are well established in 
the food and dairy industries. The initial protein content of 10-12% (dry basis) can be 
increased by UF to result in 35%, 50% or 80% protein products, with a concomitant 
decrease in lactose and some salts. 
A microfiltration membrane’s pore size rating, typically given as a micron value, 
indicates that particles larger than the rating will be retained. Ultrafiltration 
membranes are rated according to the nominal molecular weight limit (NMWL), also 
sometimes referred to as molecular weight cut-off (MWCO). The NMWL indicates 
that most dissolved macromolecules with molecular weights higher than the NMWL 
will be retained. 
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10. MEMBRANE FOULING 
Solute-membrane interactions that result in a physical adsorption of the solute by the 
membrane, whether on the surface or in the pores, will obviously cause fairly serious 
losses and decrease the yield of the solute. Casein micelles can be responsible for 
fouling to some extent, whey proteins such as β-lactoglobulin are the most well 
known foulants. While low molecular weight sugars appear to have no effect on flux 
and separation properties of MF or UF membranes, proteins have extreme effects, 
which depend on the pH, ionic strength and operating parameters. For example, 
proteins tend to foul membranes most around their isoelectric pHs, a condition where 
proteins themselves are unstable, resulting in low fluxes. 
Protein fouling is a complex phenomenon which is difficult to predict due to its 
dependency on many factors. These factors can be classified in three categories;  
1. membrane material properties such as pore size and geometry and porosity 
and interconnectivity, (Chandler et al., 2006) 
2. solution properties such as pH and concentration (Chandler et al., 2006) 
3. operating parameters (Samuelsson et al., 1997) such as pressure, cross flow 
velocity and temperatures. 
As mentioned earlier, fouling causes flux decline during the filtration and it is very 
important for industrial scale design to understand the behavior of the system. 
Therefore, some insight into the prevailing fouling mechanisms is required to explain 
these trends. There are some fouling models which explain the governing 
mechanisms of filtration. Some of the models are simple while some are complex 
and difficult to fit for experimental data. 
The successful operation of a membrane plant requires the careful management of 
membrane fouling. Its complete elimination is not possible, but its impact can be 
controlled by a variety of techniques. For this reason, evaluation of optimal 
conditions in each membrane plant is necessary. 
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11. MATERIALS AND METHODS 
In this study, experiments were conducted by using whey as feed for membrane 
modules and heating. Whey is the by-product of cheese manufacturing process, is 
produced in the coagulation process. Coagulation is brought about by physical and 
chemical modifications to the constituents of milk and leads to the separation of the 
solid part of milk (the curd) from the liquid part (the whey). Most of the fat and 
protein from the milk are retained in the curd, but nearly all of the lactose and some 
of the minerals, protein, and vitamins escape into the whey. 
In all experiments, the cheese whey used in this study was donated by Çayırovasüt 
A.Ş. Kocaeli, is the by-product of cheese. Initial total solids content of approximately 
7%. The composition of whey, according to analysis results, was 3,6% lactose, 
2,59% protein, 1,1% minerals and 0,35% fat are listed in Table 11.1. 
The conductivity was approximately 8 ms/cm for raw whey as determined by WTW 
multi 340 i conductivity meter. 
Table 11.1: Characteristics of cheese whey. 
Component % 
Water content ~94 
Total solids 7,07 
Protein 2,59 
Lactose 3,6 
Minerals 1,1 
Fat 0,35 
Samples were taken from mid-depth of whey wastewater and COD, TOC analyses 
were done. Experimental results are given in Table 11.2. COD concentration of raw 
whey wastewater was 65354 mg/L. And TOC concentration of raw whey wastewater 
was 30420 mg/L. 
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Table 11.2: COD & TOC results of raw whey. 
Sample COD 
(mg/L) 
TOC 
(mg/L) 
Raw Whey 65354 30420 
The initial volume of whey for microfiltration and ultrafiltration were approximately 
5 liters. Whey was microfiltered and ultrafiltered through MF and UF membranes. 
The change of protein concentration at the feed tank was negligible and it was 
assumed that the concentration of the whey components were almost constant during 
the experiment. This was a true assumption due to the low volumetric ratio of 
permeate to feed as well as the relatively large feed tank (5L). 
11.1 Membrane Processes 
The objectives of this study were to evaluate the performance of microfiltration and 
ultrafiltration membrane and conditions for separation of fat, casein, lactose and 
whey proteins. The diagram for the proposed process for fat, casein, lactose and 
whey proteins productions and separations were shown in Figure 11.1. Membrane 
processes namely microfiltration and ultrafiltration were carried out with cheese 
whey sample (in Figure 11.1). The overall pilot-scale process for the preparation of 
WPCs, fat, casein and lactose is schematized in Figure 11.1. The schematic diagram 
of the membrane separation system is shown in Figure 11.3. The system consists of a 
10 L steel feed tank, steel membrane module, feed pump, pressure indicators, and 
digital flow meters. The membrane experiments were carried out in a laboratory-
scale cross flow membrane system. Hydraulic pressure was applied to the top of the 
holder. This pressure causes the piston to extend downward and compress the cell 
body against the cell holder. A single piece of rectangular membrane was installed in 
the bottom cell body with a feed spacer. A heat exchanger in the feed vessel was 
used in all filtration experiments to keep the temperature at 20-40°C. 
At the beginning of the experiments, 5 L whey was filled into feed vessel of 
experimental set-up. The operation parameters were set given in Table 11.2. 
Permeate from membrane was collected in the permeate collection vessel. The 
system was run for two hour. The pressure and the recycle flow rate were controlled 
by regulation valves. During the microfiltration experiments, weight of permeate in 
 permeate carrier was continuously monitored with 15 seconds and 30 seconds for UF 
interval on the computer.
 
Experiment 10 and 11, which is shown in Table 11.3, were done to calculate error. 
These experiments were done in duplicate.
Variable Parameter
X1 
Membrane 
type 
X2 
Cross
flow rate
X3 
Trans-
membrane 
Pressure
X4 Temperature
 
Figure 11.
FAT & CASEIN
33 
 
 
Table 11.3: The experimental conditions. 
 Symbol Unit 
Level (i) 
Low                 
(-1) 
Medium                  
(0) 
MT − 
PES 
0.2µm 
CA 
0.45µm 
UP 010 UC 010 
 
 
ν (L/min) 
0.2 
(2) 
0.4 
(4) 
 
 
∆P bar 
2 3 
4 6 
 T 0C 20 30 
1: Flow diagram for seperation of whey component.
CHEESE WHEY
MF
MF PERMEATE
UF
UF PERMEATE
(WHEY 
PROTEINS)
LACTOSE
 
 
High 
(1) 
 
CA     
0.2 µm 
MF 
UC 030 UF 
0.6 
(6) 
 
4 MF 
8 UF 
40  
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Table 11.4: Experiments for UF & MF. 
Exp. No Parameters 
X1 X2 X3 X4 
1 -1 -1 -1 -1 
2 -1 0 0 0 
3 -1 1 1 1 
4 0 -1 0 1 
5 0 0 1 -1 
6 0 1 -1 0 
7 1 -1 1 0 
8 1 0 -1 1 
9 1 1 0 -1 
*10 0 0 0 0 
*11 0 0 0 0 
11.2 Ultrafiltration & Microfiltration Equipment 
Experiments were performed in a pilot plant shown schematically in Figure 11.3. and 
photo in Figure 11.2. 
The pilot plant consisted of the following equipment: 
 A feed vessel, stainless steel, with a volume of 10 L. The tank has a 
temperature control system connected to a water bath. 
 A pneumatic pump, model Bosch Aquatak 110 plus. 
 A housing for the membrane module, two different housings were used, 
depending on the type of membrane required for the process: 
 A housing for the circle module, 0,065 m in diameter, in PVC, 
allowing for the installation of membranes with area of 0,003317 m2 
for microfiltration. 
 A housing for the flat sheet module, in stainless steel, allowing for the 
installation of membranes with area of 0,014 m2 for ultrafiltration. 
Manometers, digital cross-flow rate meter and digital balance (AND EK-6100i) . 
 35 
 
Figure 11.2: Experimental setup.
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Figure 11.3 : Schematic diagram of the experimental apparatus. (1) water bath, (2) feed vessel, (3) pump, (4) digital flowmeter, (5) (6) needle valve, (7) (8) 
manometer, (9) module/membrane, (10) module press piston, (11) digital balance, (12) computer.
(1) 
(2) (3) (4) 
(8) 
(7) 
(10) 
(9) 
(5) 
(6) 
(12) 
(11) 
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Three MF membranes and three UF membranes were tested; their characteristics are 
presented in Table 11.3. 
Microfiltration membranes Cellulose Acetate (CA) 0,45µ were supplied by 
Whatman. CA 0,2 µ and Polyethersulfone (PES) 0,2 µ were supplied by Sterlitech as 
a flat sheet. The used PES membrane was hydrophilic and low protein binding 
characteristics. UF membranes were supplied by Nadir as a roll, were used in this 
study. Table 11.4. summarizes the main characteristics of the MF and UF membranes 
used in the study. Microfiltration membranes were 0.003317 m2 with 0,45 and 0,2µm 
average pore size. Ultrafiltration membranes were 0,014 m2 with 10 and 30 kDa 
molecular weight cut-off (MWCO). To prevent drying of the membrane and 
entrapment of air bubbles into the membrane pores, the membrane was kept emerged 
in distilled water at the beginning each experiment. 
Table 11.5: Technical characteristics of the membranes. 
TYPICAL PROPERTIES OF MICROFILTRATION MEMBRANES 
Pore size (µm) 
Membrane 
Type 
Thickness 
(µm) 
Water flux 
(ml/cm2.min.) 
 
Bubble 
Point 
(bar) 
Max. Operating 
Temp. (0C) 
Area  
(m2) 
Cellulose 
Acetate (CA) 
0,45 
115 12(@0,9 bar) 3,1 180 0,003317 
Cellulose 
Acetate (CA) 
0,2 
115 26(@0,9 bar) 4 180 0,003317 
Polyethersulfone 
(PES) 0,2 
110- 150 33,2(@0,7bar) 3,45 130 0,003317 
TYPICAL PROPERTIES OF ULTRAFILTRATION MEMBRANES 
Membrane 
Type 
MWCO 
(kDa) 
MEMBRANE 
MATERIAL 
Water 
Flux 
(l/m2.h) 
pH 
Range 
Max. 
Operating 
Temp. 
(0C) 
Area  
(m2) 
UP010 10 PES >150 0-14 95 0,014 
UC010 10 RC >200 1-11 55 0,014 
UC030 30 RC >300 1-11 55 0,014 
(MWCO) Molecular Weight Cut Off, (RC) Regenerated cellulose 
The procedure was as follows: 5 L of whey sample was fed into the tank of the pilot 
plant. The circulation pump was started, and the temperature was adjusted. Then the 
appropriate pressure value and recirculation flow rate were fixed. During the process, 
the permeate flux was measured with a balance linked to the computer. 
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11.3 Experimental Procedures 
The experimental setup used in this study was a laboratory scale setup. A schematic 
flow diagram of this setup is shown in Figure 11.2. Two needle valves were installed 
on the feed and retentate lines to control the feed velocity and transmembrane 
pressure. By adjusting these valves, the pressure and velocity were varied from 0 to 8 
bar and 0 to 6 l/min. respectively. 
For the fractionation of whey, the following process occurred: the raw whey flowed 
under pressure through the membrane, allowing the passage of such components as 
whey proteins, lactose and water, which is called the permeate solution, in which the 
particles are smaller than the pores of the membrane, whereas higher molecular 
weight fat and some caseins are larger than the pores of the membrane and are 
therefore retained; this solution is called the concentrate or retentate. 
The system was able to adjust and control the important operating parameters, 
including temperature, operating pressure and liquid velocity in the system. The 
membrane holder was in cross-flow mode. MF circle module was used to provide a 
total active membrane area of 0,003317 m2. UF flat module was used to provide a 
total active membrane area of 0,014 m2. The membranes tested for the separation of 
whey were compressed and characterized by their permeate fluxes and in whey for at 
least three transmembrane pressures (∆P). The feed stream was pumped from the 
feed vessel to the feed inlet. A portion of the solution permeated through the 
membrane and flowed into the permeate vessel. 
The experiments for the separation of whey were performed for each membrane with 
the operating system for 2 hours in the concentration and temperature followed by 
batch-mode operation with the retentate returned to the feed tank and the permeate 
collected in another tank. The feed was circulated in the system under certain 
operating conditions (Table 11.2) fixed at the start of each experiment. The initial 
volume of whey used was 5 L in the feed tank. Pressure varied from 2 to 4 bar for the 
different MF experiments and from 4 to 8 bar for the different UF experiments. The 
temperature, the feed flowrate and transmembrane pressure were maintained at the 
value of Table 11.2. The permeate flux was measured every 15 seconds for 
microfiltration and 30 seconds for ultrafiltration. Permeate flux was measured by the 
timed collection using a digital balance (AND EK-6100i) with an accuracy of 0,01g. 
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Furthermore, retentate was recycled to the feed vessel after passing through the 
membrane holder unit, and the permeate flux J was determined by timed collection 
using a digital balance and Eq. (11.1):  
 =  .

                                                                     (11.1) 
Where A is the total active membrane area in m2, V is the permeate volume in m3 
and t is the filtration time in seconds. 
The running time per trial was 2 hours. Samples were collected at the end of 
experiment. I analysed the permeate flux, total protein, fat, casein, Cl-, whey protein, 
lactose, conductivity and pH in the permeate and the concentrate. After 2 hours of 
operation in batch mode, permeate and concentrate samples were collected. UF 
validation experiments were performed for 6 hours. After 30, 60, 120, 240 and 360 
min. of operation in batch mode, permeate and concentrate samples were collected. 
After each filtration step, the unit was emptied. The permeate and concentrate were 
collected. Finally, the experimental setup was physically washed and cleaned. In 
some studies it has been shown that the minimum applied operating pressure and 
alkali/acid treatment sequence was the most effective cleaning method. However, in 
all experiments in this study, boiling water for 20 min. was used for physical 
cleaning of the setup. 
11.4 Analytical Methods 
The fractionation samples were analysed for these parameters: pH, electrical 
conductivity, casein, fat, Cl-, total proteins, whey protein, minerals, density, freezing 
point, fatless dry matter, total solids. The ultrafiltration permeate and feed samples 
were analysed for TOC and COD for wastewater quality. 
11.4.1 pH analysis 
pH VWR Phenomenal PC5000H pH meter was used for pH analysis. 
11.4.2 Conductivity analysis 
WTW multi 340 i conductivity meter was used for conductivity analysis. 
11.4.3 Whey components analysis 
Fat, total protein, fatless dry matter, freezing point, total solid mass, lactose, minerals 
were measured with Funke Gerber milk content analyzer (Figure 11.4). 
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Figure 11.4: Funke Gerber milk content analyzer. 
11.4.4 Chlorine (Cl-) analysis 
Potentiometric electrode method was used for Cl- analysis according to Standard 
Methods for the Examination of Water and Wastewater, 20th Edition 1998. 
11.4.5 Casein analysis 
At the beginning of analysis, whey sample was heated to 200C and carefully mixed. 
10 ml whey was placed in 100ml volumetric flask. 75ml distilled water was set to 
400C and 1 ml acetic acid solution (%10) were put into volumetric flask and 
carefully mixed. It was cooled to 200C and dilute to 100ml with distilled water. After 
10 minutes 1ml sodium acetate (1N) was added into. Sample was filtered with filter 
paper. Filtrate was measured with Funke Gerber analyser. At the results of 
measurement, total protein value gives serum protein. 
Casein value(%) = Total Proteins(%) – Casein free total protein(%)                   (11.1) 
11.4.6 Chemical oxygen demand (COD) analysis 
COD was determined according to 5220 method of Standard Methods for the 
examination of water and wastewater, 20th Edition 1998. 
11.4.7 Total organic carbon (TOC) analysis 
TOC analysis was done by IL 550 TOC – TN analyzer (Figure 11.5). 
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Figure 11.5: IL 550 TOC – TN analyzer. 
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12. RESULTS AND DISCUSSIONS 
12.1 Microfiltration (MF) 
As implied before, this study focuses on the feasibility of different membrane 
processes for separation of dairy industry waste, whey, with special interest on fat 
and protein recovery for different possible uses. Table 12.1 shows the difference of 
composition between the original (raw) whey and the MF-permeate. One stage 
operations, namely microfiltration is investigated in this section. Cheese whey was 
treated by three types of microfiltration membrane module. The performance of each 
module is evaluated via the permeate flux (L/m2/h), fat removal efficiency per cent 
and protein rejection per cent. 
Table 12.1: Average value of raw whey, MF concentrate, MF permeate. 
Parameters Unit 
Raw 
Whey 
MF Whey 
Concentrate 
MF Permeate 
pH − 4.55 ± 0.16 4.56 ± 0.18 4.58 ± 0.18 
Conductivity mS/cm 7.46 ± 1.84 7.57 ± 1.95 7.40 ± 1.79 
Density g/cm3 1.0230 ± 0.0017 1.0236 ± 0.0023 1.0235 ± 0.0044 
Freezing Point °C -0.562 ± 0.072 -0.597 ± 0.113 -0.576 ± 0.106 
Fat % 0.23 ± 0.12 0.25 ± 0.12 0.05 ± 0.06 
Fatless Dry 
Matter 
% 6.37 ± 0.39 6.51 ± 0.54 6.19 ± 0.54 
Total Solids % 6.60 ± 0.40 6.76 ± 0.57 6.24 ± 0.58 
Casein % 1.87 ± 0.13 1.88 ± 0.15 1.89 ± 0.44 
Serum proteins % 0.44 ± 0.02 0.46 ± 0.04 0.44 ± 0.06 
Total Protein % 2.31 ± 0.12 2.34 ± 0.15 2.33 ± 0.44 
Lactose % 3.19 ± 0.17 3.24 ± 0.21 3.24 ± 0.60 
The retention of fat content was 100%, so the filtration was successful concerning 
the separation of fat. The microfilter had to let through all the protein because, 
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according to the scientific literature, the largest casein micelles are smaller than the 
pore size. These results can be explained as whey contains more small size whey 
proteins than larger molecule size casein micelles. 
Summarizing the results of MF, the separation of proteins and lactose was not 
efficient.  
In this study, Taguchi’s designs were used (Table 12.2). Taguchi’s designs aimed to 
allow greater understanding of variation than did many of the traditional designs 
from the analysis of variance (ANOVA). Taguchi contended that conventional 
sampling is inadequate here as there is no way of obtaining a random sample of 
future conditions. In ANOVA design of experiments and analysis of variance, which 
is given in table 13.3, experiments aim to reduce the influence of nuisance factors to 
allow comparisons of the mean treatment effects.  
100% concentrated of the fat is recovered such as cream, fat production processes. 
Experiment 10 and 11, which is shown in Table 12.2, were done to calculate error. 
These experiments were done in duplicate and results were reproducible with a 
±4,6% error. 
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Table 12.2: Results of experimental design of 9 Taguchi model. 
Exp. No 
Parameters Rejection (%) 
X1 X2 X3 X4 Fat Fatless Dry Matter  Total Solids Casein 
Serum 
Proteins 
total 
protein lactose 
1 -1 -1 -1 -1 100.0 6.6 8.9 8.9 0.0 7.0 7.0 
2 -1 0 0 0 100.0 1.7 3.0 -5.9 3.6 -4.1 -0.9 
3 -1 1 1 1 86.7 7.3 11.0 9.3 3.6 8.1 7.8 
4 0 -1 0 1 68.9 9.5 12.8 8.7 3.0 7.5 7.1 
5 0 0 1 -1 33.3 1.3 2.2 2.3 0.0 1.8 1.3 
6 0 1 -1 0 100.0 8.6 11.2 10.1 3.9 8.9 8.7 
7 1 -1 1 0 72.2 2.0 4.0 3.2 -3.7 1.8 1.6 
8 1 0 -1 1 88.2 2.1 6.5 2.2 0.0 1.8 1.9 
9 1 1 0 -1 18.8 1.9 2.3 0.9 4.5 0.8 0.6 
*10 0 0 0 0 100.0 7.7 12.5 5.0 7.5 5.1 5.0 
*11 0 0 0 0 100.0 4.8 10.4 4.2 7.4 4.8 4.5 
* Experiments to calculate error used ANOVA. 
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Table 12.2: (Contd.) Results of experimental design of 9 Taguchi model. 
Exp.        
No 
Parameters Permeate 
X1 X2 X3 X4 
pH  
 (−) 
Conductivity           
(mS/cm) 
Density            
(g/cm3) 
Freezing point 
(°C) 
Flux  
 (L/m2.h) 
1 -1 -1 -1 -1 4.70 6.46 1.0211 -0.507 6.93 
2 -1 0 0 0 4.30 9.53 1.0353 -0.819 13.81 
3 -1 1 1 1 4.67 6.40 1.0205 -0.534 19.74 
4 0 -1 0 1 4.36 11.73 1.0256 -0.698 6.08 
5 0 0 1 -1 4.75 6.53 1.0219 -0.528 17.32 
6 0 1 -1 0 4.60 6.33 1.0205 -0.490 7.52 
7 1 -1 1 0 4.54 6.35 1.0218 -0.510 16.68 
8 1 0 -1 1 4.64 6.40 1.0224 -0.539 12.12 
9 1 1 0 -1 4.31 8.60 1.0268 -0.674 24.88 
*10 0 0 0 0 4.74 6.52 1.0210 -0.515 7.59 
*11 0 0 0 0 4.76 6.60 1.0217 -0.524 8.96 
* Experiments to calculate error used ANOVA. 
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The main effects pilots are given below. As shown in Figure 12.1 the most effective 
membrane was CA 0,2µm for the highest flux while PES membrane with 0,2 µm 
pore was the most effective for the highest fat retention. When cross-flow rate and 
transmembrane pressure increased, permeate flux increased also. The temperature 
did not have an important effect on the permeate flux but it was shown that with the 
increasing of temperature fat retention also increased. 
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Figure 12.1: Main effects plot for a) flux, b) fat, c) fatless dry matter, d) total solid mass. 
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(d) 
Figure 12.2: Main effects plot for a) pH, b) conductivity, c) density, d) freezing point.
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The performance of the experiment parameters were evaluated by using two criteria: 
a) Permeate flux and 
b) Component retention. 
The permeate flux was calculated by measuring the quantity of permeate collected 
during a certain time and dividing it by the effective membrane area for filtration. 
	


  =     ×   ("
#$ℎ#)                                          (12.1) 
The component retention (%) was defined as: 
'

()*( = +1 − ..  / .0   1 0..  / .0   1 / 23 × 100              (12.2) 
Three microfiltration membranes, PES 0,2 µm, CA 0,45 µm, CA 0,2 µm, were tested 
at the different temperatures, cross-flow rates and pressures. The permeate flux was 
also affected by the membrane type (Figure 12.1-(a)) The flux of the PES 0,2 µm 
was 13.49 Lm-2 h-1, and the CA 0,2 µm membrane has the highest permeate flux of 
15 Lm-2 h-1. The lowest permeate flux of 10,31 Lm-2 h-1 was obtained with the CA 
0,45 µm membrane. The fat retention of the PES 0,2 µm, CA 0,45 µm and CA 0,2 
µm membrane was 95,56, 86,33 and 59,75%, respectively (Figure 12.1-(b)). The 
casein retention of the PES 0,2 µm, CA 0,45 µm and CA 0,2 µm membrane was 
4,08, 7,05 and 2,10%, respectively. 
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Figure 12.3: Main effects plot for a) casein, b) whey proteins, c) total proteins. 
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Figure 12.4: Main effects plot for a) lactose, b) minerals, c) Cl-.
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The best results were obtained from CA 0,45µ depending on the type of membrane. 
According to pore size, flux increased with decreasing pore size. 
12.1.1 Statistical analysis 
For the statistical analysis, the ANOVA table calculations were done. Table 12.3 
presents the sum of squares (SS), mean square (variance), factor variance to error 
variance ratio (F), and level of significance set in 0.05. For the F-values, the greater 
the value the more contribution it gives to the final results. Hence, the results 
confirmed that operating pressure increase had more significant effects on process 
efficiency than increasing cross-flow velocity (Table 12.3). 
Table 12.3: ANOVA table for the permeate flux result. 
Variation  Sum of Squarea  
Degrees of 
Freedom  
Mean of 
sum of 
Square  
F   
Ratio  
Pure 
sum  
Relative 
Effects      
(%)  
P    
Ratio 
X1  34.5  2 17.2  18.4  32.6  16.0  4999.5a  
X2  41.5  2 20.8  22.1  39.7  19.4  199.5b  
X3  126.7  2 63.3  67.5  124.8  61.2  49.5c  
X4  1.4  2 0.7  0.7  -0.5  -0.2   
Exp. 
Error 0.9385  1 0.9385  1.0   4.60   
Lack of 
fit  -0.9384  1 -0.9384  -1.0  -1.88  -0.92   
Total  
204.0900  10    100.00  
 
The value of F = 67.5 found for X3 parameter is much larger than F0.10(2-1) = 49.5 so 
we conclude that X3  has an effected on the flux (Table 13.3). The effect of 
temperature on flux was not significant (relative effect = 0). 
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Table 12.4: ANOVA results for retention of fat. 
Variation  Sum of Squarea  
Degrees 
of 
Freedom  
Mean of 
sum of 
Square  
F   Ratio  Pure 
sum  
Relative 
Effects       
(%)  
P    
Ratio  
X1  2073.4  2  1036.7  207344.8  2073.4  40.5  
4999.5a  
X2  682.5  2  341.3  68252.9  682.5  13.3  
199.5b  
X3  1314.8  2  657.4  131476.0  1314.8  25.7  
49.5c  
X4  1049.8  2  524.9  104976.7  1049.8  20.5  
 
Exp. 
Error 0.0050  1  0.0050  1.0   0.00  
 
Lack of 
fit  
-0.0050  1  -0.0050  -1.0  -0.01  0.00  
 
Total  
5120,504  10     100,00  
 
The value of F found for X1, X2, X3, X4 parameters is much larger than F0.10(2-1)=49,5 
so we conclude that X1, X2, X3, X4  has an effected on the removal of fat (Table 
13.4).  
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Table 12.5: ANOVA results for retention of total solids. 
Variation  Sum of Square  
Degrees 
of 
Freedom  
Mean of 
sum of 
Square  
F   Ratio  Pure sum  
Relative 
Effects       
(%)  
P    
Ratio  
X1 33.1 2 16.5 21.7 31.5 22.3 30.8a 
X2 40.1 2 20.0 26.2 38.5 27.2 9.6b 
X3 18.1 2 9.1 11.9 16.6 11.7d 5.5c 
X4 50.4 2 25.2 33.0 48.9 34.5  
Exp. 
Error 
2.2890 3d 0.7630 1.0  6.47  
Lack of 
fit  -2.2890 1 -2.2890 -3.0 -3.05 -2.16  
Total  141.6217 10    100.00  
a
  F0.01 (2-3). b  F0.05 (2-3). c  F0.10 (2-3). d the lowest impact on the degrees of freedom of the variable X3 
added to degrees of freedom of experimental error. 
Table 12.6: ANOVA results for retention of casein. 
Variation  Sum of Square  
Degrees of 
Freedom  
Mean of 
sum of 
Square  
F   
Ratio  Pure sum  
Relative 
Effects       
(%)  
P    Ratio  
X1 37.2 2 18.6 148.8 37.0 16.4 4999.5a 
X2 107.6 2 53.8 430.4 107.3 47.7 199.5b 
X3 52.2 2 26.1 208.7 51.9 23.1 49.5c 
X4 27.9 2 14.0 111.7 27.7 12.3  
Exp. Error 
0.1250 1 0.1250 1.0  0.55  
Lack of fit  
-0.1250 1 -0.1250 -1.0 -0.25 -0.11  
Total  224.901
4 10    100.00 
 
a
  F0.01 (2-1). b  F0.05 (2-1). c  F0.10 (2-1). 
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Table 12.7: ANOVA results for retention of serum proteins. 
Variation  Sum of Square  
Degrees 
of 
Freedom  
Mean 
of sum 
of 
Square  
F   Ratio  Pure sum  
Relative 
Effects       
(%)  
P    Ratio  
X1 8.8 2 4.4 732.9 8.8 14.9 4999.5a 
X2 27.4 2 13.7 2284.5 27.4 46.4 199.5b 
X3 21.4 2 10.7 1782.7 21.4 36.2 49.5c 
X4 1.5 2 0.7 121.0 1.4 2.4  
Exp. 
Error 
0.0060 1 0.0060 1.0  0.10  
Lack of 
fit  
-
0.0060 1 
-
0.0060 -1.0 -0.01 -0.02 
 
Total  59.0727 10    100.00  
 
Table 12.8: ANOVA results for retention of lactose. 
Variation  Sum of Square  
Degrees 
of 
Freedom  
Mean of 
sum of 
Square  
F   
Ratio  
Pure 
sum  
Relative 
Effects       
(%)  
P    
Ratio  
X1 30.6 2 15.3 95.1 30.3 28.1 4999.5a 
X2 44.2 2 22.1 137.4 43.8 40.7 199.5b 
X3 19.9 2 10.0 61.9 19.6 18.2 49.5c 
X4 13.1 2 6.5 40.6 12.7 11.8  
Exp. Error 
0.1608 1 0.1608 1.0  1.49  
Lack of fit  
-0.1608 1 -0.1608 -1.0 -0.32 -0.30  
Total  107.7221 10    100.00  
a
  F0.01 (2-1). b  F0.05 (2-1). c  F0.10 (2-1). 
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These results of ANOVA were compared in the chart (in Figure 12.5). 
The effects of pressures, cross-flow rates, membrane types and temperatures on flux, 
fat retention, casein retention etc. were shown in Figure 12.5 and 12.6. The relative 
effects of operating parameters were compared. It was seen that the most effective 
parameter was transmembrane pressure on the flux and the most effective parameter 
was membrane type on fat retention according to that comparison (in Figure 12.5). 
The reason of that was increasing of flux with the increasing of transmembrane 
pressure and dependence on membrane type of retention of fat. The most effective 
parameter is cross-flow rate on the casein, whey proteins, total proteins (in Figure 
12.5). The second most important parameter was transmembrane pressure and 
membrane type. The reason of that was with the increasing of flux rate, the 
decreasing of casein, whey proteins, total proteins that were accumulated on the 
membrane surface and decreasing of passing of those components to the permeate. 
The most effective parameter is transmembrane pressure on pH, conductivity, 
density, freezing point, minerals and Cl- (in Figure 12.6). Minerals related to Cl- was 
seen clearly on the analysis results. Also, the most effective parameters were cross-
flow rate and membrane type for the lactose. 
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Figure 12.5 : The relative effects determined from ANOVA analysis (X1: Membrane type, X2: cross-flow rate, X3: Transmembrane Pressure, X4: 
Temperature). 
 59
X1 X2 X3 X4
Ex
p. 
Err
or
La
ck 
of 
Fit
0
10
20
30
40
50
60
70
80
90
    pH
    Conductivity
    Density
    Freezing Point
R
e
l
a
t
i
v
e
 
E
f
f
e
c
t
 
(
%
)
 
X1 X2 X3 X4
Ex
p. 
Err
or
La
ck 
of 
Fit
-10
0
10
20
30
40
50
    Lactose
    Minerals
    Cl-
R
e
l
a
t
i
v
e
 
E
f
f
e
c
t
 
(
%
)
 
Figure 12.6 : The relative effects determined from ANOVA analysis. (X1: Membrane type, X2: cross-flow rate, X3: Transmembrane Pressure, X4: 
Temperature).
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Equation coefficients given in Table 12.9 were computed with Minitab software 
using response surface methodology. 
Table 12.9: Equation coefficients are obtained as results of ANOVA analysis. 
Variable  
Equation Coefficients  
Flux 
(L/m2⋅h)  Fat (%)  
Total 
Solids 
Casein 
(%)  
Serum 
Proteins 
(%)  
Lactose 
(%)  
r
2
  1.000  1.000  1.000  1.000  1.000  1.000  
std. 
Deviation  −  −  −  −  −  −  
Constant  8,275  100.0000  11,4302  4,6062  7,4622  4,7421  
X1  -0,4192  -13,2941  1,9644  2,7856  0,9143  0,6476  
X2  2,2967  -7,9556  -0,2074  -0,0789  2,1009  0,2164  
X3  4,5283  -8,5614  -1,5762  -1,0873  -0,6731  -1,1482  
X4  -0,42  9,8503  2,8104  1,3614  0,358  1,3233  
X12  5,1158  -13,2941  6,47  -7,7328  -2,9765  -4,9821  
X22  -2,2233  -12,3007  4,4605  7,3333  0,6859  4,6846  
X32  1,3517  20,917  1,2653  4,7479  -3,0562  2,4494  
X42  2,745  -24,5052  -6,101  -4,65  -3,375  -3,43  
X2X3  -2,3483  9,2222  7,3261  7,5483  3,9594  4,559  
 
According to results of 9 experiments, estimation of results of 81 experiments were 
done by Taguchi method (Table 12.10). The model computation of 81 experiments 
were calculated by using the values from that table (Table 12.9). It is known that 
there is increasing effect of positive values of these equation coefficients to the 
parameters and decreasing effect of negative values of these equation coefficients to 
the parameters. 
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Table 12.10: Calculated optimum results of experiments using the equations of the model. 
Exp. 
No  
Parameters  Rejection  (%)  
X1  X2  X3  X4  X12  X22  X32  X42  X2 X3  Flux (L/m2⋅h)  Fat  
Fatless 
Dry 
Matter  
Total Solid 
Matter  Casein  
Serum 
proteins  
Total 
protein  Lactose  
11  
-1  0  -1  0  1  0  1  0  0  10,63  129,48  3,1  5,84  -0,08  1,19  0,41  2,71  
38  0  0  -1  0  0  0  1  0  0  5,10  129,48  7,62  14,27  10,44  5,08  9,49  8,34  
3  -1  -1  -1  1  1  1  1  1  1  6,09  119,7  9,61  14,54  11,6  0,72  9,64  9,63  
30  0  -1  -1  1  0  1  1  1  1  0,56  119,7  14,13  22,98  22,11  4,61  18,72  15,26  
12  -1  0  -1  1  1  0  1  1  0  12,96  114,82  2,05  2,55  -3,37  -1,83  -2,68  0,6  
39  0  0  -1  1  0  0  1  1  0  7,42  114,82  6,56  10,98  7,15  2,06  6,4  6,23  
17  -1  0  1  0  1  0  1  0  0  19,69  112,36  0,86  2,69  -2,25  -0,16  -1,62  0,41  
44  0  0  1  0  0  0  1  0  0  14,16  112,36  5,38  11,12  8,27  3,73  7,46  6,04  
56  1  -1  -1  0  1  1  1  0  1  2,93  107,77  10,68  21,76  20,46  5,56  17,16  13,03  
65  1  0  -1  0  1  0  1  0  0  9,80  102,89  3,12  9,77  5,49  3,02  4,84  4,01  
26  -1  1  1  0  1  1  1  0  1  17,42  101,32  8,35  14,26  12,55  6,59  11,16  9,87  
53  0  1  1  0  0  1  1  0  1  11,88  101,32  12,86  22,7  23,07  10,48  20,24  15,5  
14  -1  0  0  0  1  0  0  0  0  13,81  100  1,73  3  -5,9  3,57  -4,1  -0,89  
              *Exp. No 39 and 53 are verification experiments.
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Figure 12.7 and 12.8 illustrate the changes in permeation flux (L/m2.h) during MF 
concentration of the whey. The permeate flux decreased with time, which was due to 
the higher concentration of the retentate. This decline decreased until no change 
occurred at 16 L/m2h. At the beginning of the procedure the flux was higher, but the 
time a gel layer was formed on the surface of the membrane, there was a steady-state 
flux of the permeate.  
Two verification experiments were randomly selected among estimated 71 
experiments. These experiments are given below. Flux results are given Table 12.7 
and 12.8. 
The most important flux decline after only approximately 30 min of MF 
concentration. These charts shows that the membrane was fouling (Figure 12.7 and 
12.8). 
Experiment no 53 is a verification experiment. This experiment conditions are; 
Membrane type : CA 0,45µ 
Cross flow rate : 6 L/min 
Pressure : 4 bar  
Temperature : 30 0C 
 
Figure 12.7: Permeate flux of no 53 verification experiment during MF processing. 
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Experiment no 39 is a verification experiment. This experiment conditions are; 
Membrane type : CA 0,45µ 
Cross flow rate : 4 L/min 
Pressure : 2 bar  
Temperature : 40 0C 
 
Figure 12.8: Permeate flux of no 39 verification experiment during MF processing. 
According to the results of verification experiments and models in my approach, I 
verified accounts. These results are given Figure 12.9. 
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Figure 12.9 : Results of verification experiments and ANOVA models. (Exp.1 : Exp. 39 and 
Exp. 2 : Exp. 53). 
The results of these tests show that the CA 0,45µm membrane was most efficient. 
And Experiment 39 and 53 had the most efficient results with almost 100%, 87,05% 
fat retention, respectively and permeate flux of 7,24, 11,5 Lm-2 h-1, respectively. 
12.1.2 The analysis of membrane fouling 
Despite of high removal of fat, obtaining the low flux because of membrane fouling. 
Membrane fouling appears on SEM (Scanning Electron Microscopy) image (Figure 
12.10 and 12.11). 
Atomic force microscope (AFM) analyses of membrane surfaces provide statistical 
quantification of a plethora of surface morphological features. MF membranes were 
analyzed by AFM. The surface roughness of clean and fouled membranes, which 
were characterized by AFM images, were shown in Figure 12.10 and 12.11. The 
mean roughness (Ra) is the mean value of surface relative to the centre plane. The 
mean difference in height among the five highest peaks and the five lowest valleys 
(Rz) were determined relative to the mean plane. In addition to these parameters, the 
root mean square of z values (RMS). 
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Table 12.11: Ra, Rz and RMS values of clean and fouled membranes for experiment 39 and 
53. 
Clean Fouled 
Exp. NO: 39 (nm) Exp. NO: 53 (nm) Exp. NO: 39 (nm) Exp. NO: 53 (nm) 
Ra Rz RMS Ra Rz RMS Ra Rz RMS Ra Rz RMS 
73 245 89 73 245 89 127 489 158 142 577 169 
The surface roughness of clean and fouled membranes which were characterized by 
AFM images, were shown in Figure 12.10 and 12.11. In addition, RMS, Ra and Rz 
values obtained from AFM analyses were also presented in Table 12.11 
As seen from Figure 12.11, clean CA 0,45µm membrane exhibited rather rough 
surface. The most membrane fouling seemed to be occurred on the experiment 53 
membrane. 
As seen from Table 12.11, Ra, Rz and RMS values presented the highest values for 
experiment 53 membrane. This implied that, the fouling on surface of exp. 53 is 
rather dominant compared to the other experiment.   
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Figure 12.10 : AFM images(a,b,e,f), cross-sectional SEM images (g,h) and top view SEM 
images (c,d) of clean and fouled membranes for experiment 39 (CA 0,45µ 
membrane; transmembrane pressure = 2 bar; cross-flow rate = 4 L/min; 
temperature = 40 0C).  
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Figure 12.11 : AFM images(a,b,e,f), cross-sectional SEM images (g,h) and top view SEM 
images (c,d) of clean and fouled membranes for experiment 53 (CA 0,45µ 
membrane; transmembrane pressure = 4 bar; cross-flow rate = 6 L/min; 
temperature = 30 0C).
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Since the aim of this study is to efficiently concentrate and recover the whey fat, 
proteins and casein, permeate flux values in higher volume reduction ratios are of 
importance too.  
The obtained permeate flux values for cheese whey was low. This is due to high fat 
content of cheese whey. 
The fat rejection performances for microfiltration modules were very promising. The 
best results were obtained by microfiltration with fat rejection of 100% for cheese 
whey. 
At the next step, MF system was operated under the optimum conditions to 
concentrated fat. Whey proteins collected in permeate and lactose was concentrated 
using UF membranes. 
12.2 Ultrafiltration (UF) 
In this section, ultrafiltration experiments were applied. By UF, liquid whey is 
simultaneously fractionated, purified and concentrated to whey protein concentrate 
(WPC). UF is driven by a pressure gradient, using 4,6 and 8 bar and temperatures of 
20, 30 and 400C with UP010, UC010 and UC030 membranes. Performance of UF 
membrane were evaluated by measuring the permeate flux, components 
concentration of permeate and concentrate at different pressure, cross-flow rate and 
temperature.  
 
  
 69 
Table 12.12: Average value of raw whey, UF concentrate, UF permeate. 
Parameters  Unit  
Raw  
Whey  
UF Whey  
Concentrate  
UF Permeate  
pH  − 4.93 ± 0.28 4.92 ± 0.25 5.02 ± 0.30 
Conductivity  mS/cm 6.83 ± 0.35 6.84 ± 0.38 6.88 ± 0.34 
Density  g/cm
3
 
1.0273 ± 0.0015 1.0275 ± 0.0014 1.0171 ± 0.0026 
Freezing Point  °C -0.528 ± 0.015 -0.539 ± 0.018 -0.474 ± 0.020 
Fat  % 0.12 ± 0.08 0.18 ± 0.06 0.00 ± 0.00 
Fatless Dry 
Matter  % 7.10 ± 0.34 7.29 ± 0.36 4.75 ± 0.58 
Total Solids  % 7.22 ± 0.39 7.47 ± 0.39 4.75 ± 0.58 
Casein  % 2.08 ± 0.11 2.10 ± 0.10 1.26 ± 0.20 
Serum 
proteins  % 0.52 ± 0.06 0.52 ± 0.06 0.38 ± 0.06 
Total Protein  % 2.59 ± 0.13 2.62 ± 0.12 1.65 ± 0.23 
Lactose  % 3.85 ± 0.20 3.88 ± 0.18 2.45 ± 0.35 
minerals  % 1.07 ± 0.03 1.10 ± 0.05 1.10 ± 0.04 
Cl− (ppm)  
mg/L 871 ± 46 877 ± 66 907 ± 55 
 
Experiment 10 and 11, which is shown in Table 12.13, were done to calculate error. 
These experiments were done in duplicate and results were reproducible with a 
±0,02% error.  
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Table 12.13: Results of experimental design of 9 Taguchi model. 
Exp. 
No 
Parameters Permeate 
X1 X2 X3 X4 pH           (−) 
Conductivity           
(mS/cm) 
Density            
(g/cm3) 
Freezing 
point 
(°C) 
Flux  
 
(L/m2.h) 
1 -1 -1 -1 -1 4,73 6,62 1,0182 -0,463 6,26 
2 -1 0 0 0 5,76 7,36 1,0141 -0,452 11,49 
3 -1 1 1 1 5,26 7,24 1,012 -0,449 21,69 
4 0 -1 0 1 5,12 7,31 1,0183 -0,5 7,46 
5 0 0 1 -1 4,74 6,7 1,0171 -0,466 10,72 
6 0 1 -1 0 4,74 6,62 1,021 -0,49 17,06 
7 1 -1 1 0 4,97 7,18 1,0145 -0,458 9,26 
8 1 0 -1 1 4,79 6,99 1,0195 -0,508 14,31 
9 1 1 0 -1 5,02 6,57 1,0167 -0,467 16,03 
*10 0 0 0 0 5,07 6,53 1,0192 -0,488 13,29 
*11 0 0 0 0 5,02 6,54 1,0175 -0,472 13,2 
* Experiments to calculate error used ANOVA. 
Table 12.12 shows the difference of composition between the original (raw) whey, 
UF concentrate and the UF-permeate. Cheese whey was separated by three types of 
ultrafiltration membranes module. The performance of each module is evaluated via 
the permeate flux (L/m2/h), lactose retentate efficiency percent and protein rejection 
percent. It is observed in Table 12.12 that the retention of fat content was 100%, so 
the filtration was successful concerning the separation of fat. Although, the retention 
of casein was 30-50%. There was a partial retention of lactose around 50% of lactose 
is retained and about 70% of total proteins was passed to the permeate. 
Summarizing the results of UF, the separation of proteins from lactose was not 
efficient. However, whey protein concentrate (WPC) was achieved. 
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Table 12.14: Results of experimental design of 9 Taguchi model. 
Exp.        
No 
Parameters Rejection (%) 
X1 X2 X3 X4 Fat Fatless Dry Matter  Total Solids Casein 
Serum 
Proteins 
total 
protein lactose 
1 -1 -1 -1 -1 100,0 32,9 34,8 38,7 0,0 31,6 31,8 
2 -1 0 0 0 100,0 42,6 43,6 51,5 27,3 46,4 46,6 
3 -1 1 1 1 100,0 53,6 54,7 62,6 41,7 58,2 58,5 
4 0 -1 0 1 100,0 36,4 38,0 34,0 24,2 31,9 31,6 
5 0 0 1 -1 100,0 34,8 36,1 39,3 32,3 38,0 38,0 
6 0 1 -1 0 100,0 25,5 27,6 30,3 14,5 27,9 27,6 
7 1 -1 1 0 100,0 39,3 40,7 44,4 38,5 43,4 43,1 
8 1 0 -1 1 100,0 25,8 28,2 29,7 19,2 27,9 27,9 
9 1 1 0 -1 100,0 33,0 34,1 37,6 29,0 35,8 36,1 
*10 0 0 0 0 100,0 29,5 32,1 34,3 25,7 32,5 32,2 
*11 0 0 0 0 100.0 4.8 10.4 4.2 7.4 4.8 4.5 
              * Experiments to calculate error used ANOVA. 
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In this section, Taguchi’s designs are used (Table 12.14). Taguchi’s designs aimed to 
allow greater understanding of variation than did many of the traditional designs 
from the analysis of variance (ANOVA). Taguchi contended that conventional 
sampling is inadequate here as there is no way of obtaining a random sample of 
future conditions. In ANOVA design of experiments and analysis of variance, which 
is given in table 12.14, experiments aim to reduce the influence of nuisance factors to 
allow comparisons of the mean treatment effects. 
The net result is a whey protein concentrate that is around 70% protein by weight, 
making this an attractive animal feed supplement. 
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(d) 
Figure 12.12: Main effects plot for a) flux, b) fatless dry matter, c) total solids, d) casein.
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The main effects pilots are given Figure 12.12, 12.13 and 12.14. As shown in Figure 
12.12 the most effective membrane was UP010 as same UC030 for the highest flux 
while UP010 membrane with 10kDa pore size was the most effective for the highest 
casein and lactose retention. When cross-flow rate, transmembrane pressure and 
temperature increased, permeate flux increased also. The temperature did not have an 
important effect on the retention of components but it was shown that with the 
increasing of temperature components retention also increased. 
The performance of the experiment parameters were evaluated by using two criteria: 
a) Permeate flux and 
b) Component retention. 
The permeate flux was calculated by measuring the quantity of permeate collected 
during a certain time and dividing it by the effective membrane area for filtration. 
	


  =     ×   ("
#$ℎ#)                                          (12.3) 
The component retention (%) was defined as: 
'

()*( = +1 − ..  / .0   1 0..  / .0   1 / 23 × 100           (12.4) 
Three ultrafiltration membranes, UP010, UC010, UC030 were tested at the different 
temperatures, cross-flow rates and pressures. The permeate flux was also affected by 
the membrane type (Figure 12.12-(a)). The flux of the UP010 was 13,15 Lm-2 h-1, 
and the UC030 membrane has the highest permeate flux of 13,2 Lm-2 h-1. The lowest 
permeate flux of 11,75 Lm-2 h-1 was obtained with the UC010 membrane. The casein 
retention of the UP010, UC010 and UC030 membrane was 50,9, 34,56 and 37,21%, 
respectively (Figure 12.12-(d)). The whey protein passing to permeate of the UP010, 
UC010 and UC030 membrane was 77,02, 76,34 and 71,1%, respectively. Retention 
of whey protein by membrane is unwanted process because whey proteins should be 
passed to permeate for the separated from lactose. The lactose retention of the 
UP010, UC010 and UC030 membrane was 45,62, 32,42 and 35,7%, respectively 
(Figure 12.13-(c)). 
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(d) 
Figure 12.13: Main effects plot for a) whey proteins, b) total protein, c) lactose, d) density. 
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(d) 
Figure 12.14: Main effects plot for a) pH, b) conductivity, c) minerals, d) Cl-.
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12.2.1 Statistical analysis 
For the statistical analysis, the ANOVA table calculations were done. Table 12.15 
presents the sum of squares (SS), mean square (variance), factor variance to error 
variance ratio (F), and level of significance set in 0.05. For the F-values, the greater 
the value the more contribution it gives to the final results. These table results were 
compared in Figure 12.15 and 12.16. 
Table 12.15: ANOVA table for the permeate flux result. 
Source 
Sum of 
Squares 
Degree of 
Freedom 
Mean of 
Sum of 
Square F 
Pure 
sum 
Percentage 
(%) 
P    
Değeri 
X1 4,1 2 2,0 503,1 4,1 2,0 
4999.5
a
 
X2 169,8 2 84,9 20960,2 169,8 85,0 
199.5b 
X3 7,6 2 3,8 934,2 7,6 3,8 
49.5c 
X4 18,2 2 9,1 2251,9 18,2 9,1 
 
error 
exp. 0,0040 1 0,0040 1,0 
 0,02 
 
Lack of 
fit -0,0040 1 -0,0040 -1,0 -0,01 -0,004 
 
Total 199,6600 10 
  
 100,00 
 
a
  F0.01 (2-1). b  F0.05 (2-1). c  F0.10 (2-1). 
Table 12.15 showed that cross-flow rate was very effective on the permeate flux. 
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Table 12.16: ANOVA table for the total solids results. 
Source 
Sum of 
Squares 
Degree of 
Freedom 
Mean of 
Sum of 
Square F Pure sum 
Percentage 
(%) 
P    
Değeri 
X1 210,7 2 105,4 29,5 203,6 37,1 30.8
a
 
X2 12,3 2 6,2 1,7 5,2 0,9 9.6
b
 
X3 283,3 2 141,7 39,6 276,2 50,3 5.5
c
 
X4 42,6 2 21,3 6,0 35,4 6,5  
error 
exp. 3,5740 1 3,5740 1,0  6,51  
Lack of 
fit -3,5740 1 -3,5740 -1,0 -7,15 -1,30  
Total 548,9723 10    100,00 
 
a
  F0.01 (2-3). b  F0.05 (2-3). c  F0.10 (2-3). 
 
Table 12.17: ANOVA table for the casein results. 
Source 
Sum of 
Squares 
Degree of 
Freedom 
Mean of 
Sum of 
Square F 
Pure 
sum 
Percentage 
(%) 
P    
Değeri 
X1 461,7 2 230,9 126,3 458,1 51,1 4999.5
a
 
X2 32,0 2 16,0 8,8 28,4 3,2 199.5
b
 
X3 378,3 2 189,2 103,5 374,7 41,8 49.5
c
 
X4 25,0 2 12,5 6,8 21,3 2,4  
error 
exp. 1,8283 1 1,8283 1,0  2,04  
Lack of 
fit -1,8283 1 -1,8283 -1,0 -3,66 -0,41  
Total 
897,050
0 10    100,00 
 
a
  F0.01 (2-1). b  F0.05 (2-1). c  F0.10 (2-1). 
Table 12.17 showed that membrane type and transmembrane pressure were very 
effective on the retention of casein. This condition is true for other components such 
as whey proteins and lactose. 
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Table 12.18: ANOVA table for the whey proteins results. 
Source 
Sum of 
Squares 
Degree of 
Freedom 
Mean of 
Sum of 
Square F 
Pure 
sum 
Percentage 
(%) 
P    
Değeri 
X1 63,1 2 31,6 7431,4 63,1 4,8 
4999.5
a
 
X2 89,4 2 44,7 
10524,
5 89,4 6,9 199.5
b
 
X3 1043,9 2 522,0 
12289
2,4 1043,9 80,2 49.5
c
 
X4 105,7 2 52,9 
12444,
6 105,7 8,1  
error 
exp. 0,0042 1 0,0042 1,0  0,001  
Lack of 
fit -0,0042 1 -0,0042 -1,0 -0,01 -0,001  
Total 1302,154 10    100,00 
 
a
  F0.01 (2-1). b  F0.05 (2-1). c  F0.10 (2-1). 
 
Table 12.19: ANOVA table for the lactose results. 
Source 
Sum of 
Squares 
Degree of 
Freedom 
Mean of 
Sum of 
Square F 
Pure 
sum 
Percentage 
(%) 
P    
Değeri 
X1 283,5 2 141,7 223,7 282,2 34,8 4999.5
a
 
X2 41,5 2 20,8 32,8 40,3 5,0 199.5
b
 
X3 454,2 2 227,1 358,5 452,9 55,9 49.5
c
 
X4 31,5 2 15,8 24,9 30,2 3,7  
error 
exp. 0,6335 1 0,6335 1,0  0,79  
Lack of 
fit -0,6335 1 -0,6335 -1,0 -1,27 -0,16  
Total 
810,707
3 10    100,00 
 
a
  F0.01 (2-1). b  F0.05 (2-1). c  F0.10 (2-1). 
The effects of pressures, cross-flow rates, membrane types and temperatures on flux, 
fat retention, casein retention etc. were shown in Figure 12.15 and 12.16. The 
relative effects of operating parameters were compared. It was seen that the most 
effective parameter was cross-flow rate on the flux and the most effective parameters 
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were membrane type and transmembrane pressure on casein and lactose retention 
and filtration of whey proteins according to that comparison (Figure 12.15). Because 
of these results, increasing of cross-flow rate reduces the absorption of proteins onto 
the surface of the membrane.  The reason of that was with the increasing of flux rate, 
the decreasing of casein, whey proteins, total proteins that were accumulated on the 
membrane surface and decreasing of passing of those components to the permeate. 
The most effective parameter is transmembrane pressure on pH, conductivity, 
density, freezing point, minerals and Cl- (Figure 12.16). Minerals related to Cl- that 
was seen clearly on the analysis results. 
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Figure 12.15 : The relative effects determined from ANOVA analysis (X1: Membrane type, X2: cross-flow rate, X3: Transmembrane Pressure, X4: 
Temperature). 
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Figure 12.16 : The relative effects determined from ANOVA analysis (X1: Membrane type, X2: cross-flow rate, X3: Transmembrane Pressure, X4: 
Temperature). 
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Equation coefficients given in Table 12.20, were computed with Minitab software 
using response surface methodology. 
Table 12.20: Equation coefficients are obtained as results of ANOVA analysis. 
Variable 
Equation Coefficients 
    Flux    Fat Total Solids       Casein  
Serum                
Proteins Lactose 
r
2
 1.000 1.000 1.000 1.000 1.000 1.000 
std. 
Deviatio
n 
− − − − − − 
Constant 10.09         33.55 33.1561 35.1101 27.9557 33.4472 
X1 0.0267 -4.85 -5.0258 -6.8462 2.9642 -4.9596 
X2 5.3 2.5016 0.4852 2.2213 3.7471 2.6094 
X3 0.6733 8,6809 6.8112 7.9402 13.1113 8.6984 
X4 1.7417 2.0913 2,656 1.769 3.9749 2.0383 
X12 1.4267 7.9633 5.4394 9.5 2.2812 8.2426 
X22 0.7867 0.7239 2.3381 1.1028 -1.6054 0.5879 
X32 1,5567 -0.196 -1.5776 -0.1772 -2.4983 -0.3177 
X42 0.1417 -1.9737 0.3474 -1.7572 -2.3357 -1.815 
X2X3 - - - - - - 
According to results of 9 experiments, estimation of results of 81 experiments were 
done by Taguchi method (Table 12.21). The model computation of 81 experiments 
were calculated by using the values from that table (Table 12.20). It is known that 
there is increasing effect of positive values of these equation coefficients to the 
parameters and decreasing effect of negative values of these equation coefficients to 
the parameters. 
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Table 12.21: Calculated optimum results of experiments using the equations of the model. 
Exp. 
No  
 
Parameters  
Rejection  (%)  
X1 X2 X3 X4 X12 X22 X32 X42 X2 X3 Flux (L/m2⋅h)  Fat  
Fatless Dry 
Matter  
Total Solid 
Matter  Casein  
Serum 
proteins  
Total 
protein  Lactose  
27 -1 1 1 1 1 1 1 1 1 21,69 100,00 53,63 54,68 62,56 41,67 58,19 58,45 
26 -1 1 1 0 1 1 1 0 1 19,81 100,00 50,80 51,68 62,54 40,03 58,07 58,23 
24 -1 1 0 1 1 1 0 1 0 19,46 100,00 48,38 49,45 54,79 31,05 49,70 50,07 
81 1 1 1 1 1 1 1 1 1 21,74 100,00 43,24 44,63 48,86 47,60 48,49 48,53 
80 1 1 1 0 1 1 1 0 1 19,86 100,00 40,41 41,63 48,85 45,96 48,38 48,31 
19 -1 1 -1 -1 1 1 1 1 -1 16,86 100,00 34,07 35,75 43,14 7,49 36,64 36,98 
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The concentrations of components versus time for experiment 19 conditions are 
shown in Figure 12.17 and 12.18. The concentration of retentate of lactose, fat, 
casein and whey proteins retentate increased with time. The permeation of whey 
proteins concentrate increased with time while the casein permeation decreased with 
time. It stems from the concentration of feed solution. While the concentration of the 
feed solution is expected to decrease, it was seen that the solution increased. It stems 
from all of the whey proteins not passing to permeate and the concentration of the 
feed with the water passing to the membrane. The concentration ratio against to time 
is large because casein, fat and lactose retained in the feed. It was seen that whey 
protein concentration increased in permeate and casein concentration decreased. The 
increasing of the whey protein was an expected situation because whey protein 
passed from membrane to permeate. However, casein in permeate was not an 
expected situation. At the beginning of experiment, it was seen that casein passed 
from the UP010 UF membrane to permeate. However, the more increasing of the 
membrane fouling, the more casein passing decreased. This situation caused 
decreasing of the casein concentration in permeate against to the time.
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Figure 12.17: The ratio of feed solution components of whey against time graph for experiment 26. 
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Figure 12.18: The ratio of permeate solution components of whey against time graph for experiment 26.
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Figure 12.19 and 12.20 illustrate the changes in permeation flux (L/m2.h) during UF 
concentration of the whey. The permeate flux decreased with time, which was due to 
the higher concentration of the retentate. At the beginning of the procedure the flux 
was higher, but the time a gel layer was formed on the surface of the membrane, 
there was a steady-state flux of the permeate.  
Two verification experiments were randomly selected among estimated 71 
experiments. These experiments are given below. Flux results are given Figure 12.19 
and 12.20. 
The most important flux decline after only approximately 30 min of UF 
concentration. These charts shows that the membrane was fouling (Figure 12.19 and 
12.20). Membranes with a larger pore size give a higher flux, but are more 
susceptible to polarization concentration. 
It is observed in Table12.21 that experiment 26 and 19 showed lactose retention of 
about 58 and 37%, respectively; this result may indicate that some lactose-membrane 
interaction may have occurred. The experiment 26 and 19 showed protein retention 
of around 40%. These results were attributed to the gradual deposition of protein and 
similar molecules on the surface of the membrane, which reduced the mass transfer 
through it. The larger molecules like protein, casein micelles and fat can be adsorbed 
onto the surface of the membrane or may be adsorbed into smaller pores; all these 
factors may modify the retention properties of the process. 
Experiment no 19 is a verification experiment. This experiment conditions are; 
Membrane type : UP010 
Cross flow rate : 6 L/min 
Pressure : 4 bar  
Temperature : 20 0C 
The charts of flux showed the most important flux decline after only 30 min of UF 
processing. These decreases in permeation flux upon microfiltration of whey 
suggests that less fouling occurred at membrane’s surface, compared to the MF 
processing. 
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Figure 12.19: Permeate flux of no 19 verification experiment during UF processing. 
Experiment no 26 is a verification experiment. This experiment conditions are; 
Membrane type : UP010 
Cross flow rate : 6 L/min 
Pressure : 8 bar  
Temperature : 30 0C 
 
Figure 12.20: Permeate flux of no 26 verification experiment during UF processing. 
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According to the results of verification experiments and models in our approach, we 
are verified accounts. These results are given Figure 12.21 and 12.22. 
 
Figure 12.21 : Results of verification experiments and ANOVA models (Exp.1 : Exp. 26 
and Exp. 2 : Exp. 19). 
 
Figure 12.22 : Results of verification experiments and ANOVA models. (Exp.1 : Exp. 26 
and Exp. 2 : Exp. 19) 
The results of these tests show that the UP010 was the most efficient membrane. 
Moreover, experiment 26 and 19 had the most efficient results with 100% fat 
retention and 62,54, 43,14% casein retention, respectively. The samples of exp.26 
and 19 showed that those retentions were 58,23, 36,98% lactose and 40,03, 7,49% 
whey proteins, respectively. Those results showed that whey proteins was passed to 
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the permeate despite their being present in lower concentrations in the retentate. 
Permeate flux was 19,81 for exp. 26 and 16,86 Lm-2 h-1, for exp. 19. 
12.2.2 Cheese whey effluent 
Two stage operation like ultrafiltration and microfiltration was performed. 
Application of ultrafiltration process for the recovery of lactose, protein and also for 
the reduction of COD and TOC in whey was achieved in this thesis. Obtained COD 
and TOC concentrations and removal efficiencies are given in Table 12.22 and 
12.23. COD concentration of raw whey waste water was 65354 mg/L. COD 
concentration of ultrafiltration permeate was measured as 39672 mg/L with 39,3 % 
removal efficiency at the end of experiment for 2 hours. 
Table 12.22: COD and TOC results of experiment 26 for UF process. 
 
COD 
(mg/L) 
COD 
Removal 
Efficiency 
TOC 
(mg/L) 
TOC Removal 
Efficiency 
Raw Whey 65354,4 - 30420 - 
Permeate at the end 
of 2 h 39672 39,3% 20790 31,66% 
Permeate at the end 
of 6 h 38628 40,9% 19440 36,1% 
 
Figure 12.23: COD and TOC concentration of exp. 26 permeate and concentrate. 
COD and TOC removal efficiency of exp. 26 for 2 hours ultrafiltration process  were 
39,3% and 31,66%, respectively. After 6 hours, COD and TOC removal efficiency 
were 40,9% and 36,1%, respectively. 
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Table 12.23: COD and TOC results of experiment 19 for UF process. 
 
COD 
(mg/L) 
COD 
Removal 
Efficiency 
TOC 
(mg/L) 
TOC Removal 
Efficiency 
Raw Whey 61596 - 33150 - 
Permeate at the 
end of 2 h 48441,6 21,36% 26400 20,36% 
Permeate at the 
end of 6 h 47502 22,88% 27350 17,5% 
 
Figure 12.24: COD and TOC concentration of exp. 19 permeate and concentrate. 
COD and TOC removal efficiency of exp. 19 for 2 hours ultrafiltration process  were 
21,36% and 20,36%, respectively. After 6 hours, COD and TOC removal efficiency 
were 22,88% and 17,5%, respectively. Lactose is largely responsible for the high 
biological oxygen demand (BOD5) and chemical oxygen demand (COD). Therefore, 
COD removal efficiency was achieved by lactose removal.  
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12.2.3 The analysis of membrane fouling 
Despite of high removal of fat, casein and lactose obtaining the low flux due to 
membrane fouling. Membrane fouling appears on SEM (Scanning Electron 
Microscopy) image (Figure 12.25 and 12.26). 
Atomic force microscope (AFM) analysis of membrane surfaces provides statistical 
quantification of a plethora of surface morphological features. UF membranes were 
analyzed by AFM. The surface roughness of clean and fouled membranes, which 
were characterized by AFM images, were shown in Figure 12.25 and 12.26. The 
mean roughness (Ra) is the mean value of surface relative to the centre plane. The 
mean difference in height among the five highest peaks and the five lowest valleys 
(Rz) was determined relative to the mean plane. In addition to these parameters, RMS 
is the root mean square of z values. 
Table 12.24: Ra, Rz and RMS values of clean and fouled membranes for experiment 26 and 
19. 
Clean Fouled 
Exp. NO: 26 (nm) Exp. NO: 19 (nm) Exp. NO: 26 (nm) Exp. NO: 19 (nm) 
Ra Rz RMS Ra Rz RMS Ra Rz RMS Ra Rz RMS 
2,7 10,9 3,7 2,7 10,9 3,7 4 11,2 4,9 8,7 42,9 11,7 
The surface roughness of clean and fouled membranes which were characterized by 
AFM images, were shown in Figure 12.25 and 12.26. In addition, RMS, Ra and Rz 
values obtained from AFM analyses were also presented in Table 12.24 
As seen from Figure 12.25, clean UP010 membrane exhibited rather rough surface. 
The foulest membrane seemed to be occurred on the experiment 26 membrane. 
As seen from Table 12.24, Ra, Rz and RMS values presented the highest values for 
experiment 19 membrane. These values implied that, the fouling on surface of exp. 
19 is rather dominant compared to the other experiment. 
Pressure and recycling cross-flow rate significantly influenced the flux. Higher cross-
flow rate at the membrane surface is a very important factor in increasing the 
permeate flux. The deposited molecules were continuously removed from the 
 94
membrane surface by using higher velocity. Thus, the hydraulic resistance of the 
fouling layer was reduced by using higher velocity. The increasing pressure gradient 
increases permeate flux. However, an increase in transmembrane pressure (TMP) 
could also attribute to the fouling layer compression. 
The adsorption or deposition of organic matter on the fouling layer lead to lower 
concentration of COD in permeates acting as cake layer. 
An increase in the cross-flow velocity resulted as a greater turbulence, which reduces 
the membrane fouling. Lower fouling enhances the permeation flux through the 
membrane and reduces the retention coefficients. 
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h) 
Figure 12.25: AFM images(a,b,e,f), cross-sectional SEM images (g,h) and top view SEM images 
(c,d) of clean and fouled membranes for experiment 26 (UP010 membrane; 
transmembrane pressure = 8 bar; cross-flow rate = 6 L/min; temperature = 30 0C). 
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Figure 12.26: AFM images(a,b,e,f), cross-sectional SEM images (g,h) and top view SEM images 
(c,d) of clean and fouled membranes for experiment 19 (UP010 membrane; 
transmembrane pressure = 4 bar; cross-flow rate = 6 L/min; temperature = 20 0C). 
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13. CONCLUSION AND RECOMMENDATIONS 
Membrane technologies have been proving their advances in the fields of separation 
and purification. There has been a shift toward membrane separation processes 
because they are often more capital and energy efficient when compared with 
chemical separation processes. Membrane processes have several advantages over 
many of the traditional separation techniques such as distillation, extraction, ion 
exchange, and adsorption. No energy-intensive phase changes or potentially 
expensive solvents or adsorbents are needed for membrane separation, simultaneous 
separation and concentration of both inorganic and organic compounds is possible. 
Combined microfiltration and ultrafiltration membranes successfully separated and 
concentrated fat, casein, whey proteins and lactose from cheese whey. Ultrafiltration 
membrane retained about 50-60% of lactose to obtain permeate. The highest lactose 
retention of 58,45% and whey proteins permeation of 59,97% were obtained with the 
UP010 membrane. 
The tested microfiltration membranes successfully separated fat from whey. Nearly 
100% of fat retention was obtained with the CA 0,45µm membrane. 
Further study needs to be conducted on the ultrafiltration membrane to obtain 100% 
lactose retention and lower whey proteins retention. The economic analysis for the 
whey proteins recovery with membrane separation also needs to be analyzed and 
compared with other downstream processes. 
The potential of using membrane processing such as microfiltration and 
ultrafiltration evaluated to concentrate fat, casein, lactose and whey protein from 
whey. Furthermore, the dependency of permeate flux decline on operating 
parameters in cross-flow microfiltration and ultrafiltration of whey at different 
operating pressure, cross-flow rate and temperature was studied. 81 different MF and 
UF experiments were modeled using those 9 MF and UF experiments results. 
Taguchi method used for modeling and the best condition combinations were 
calculated for high flux, high fat, casein and whey protein concentrations. The 
 98
microfiltration set-up with flat module and Polyethersulfone (PES) membrane with 
0.2µm mean pore size and Cellulose Acetate (CA) membrane with 0,45µm and 
0.2µm mean pore sizes were used. The results showed that the flux and the retention 
of fat were achieved respectively, 11,88 L/m2.h and 100%. The optimum condition in 
these results were determined as CA 0,45µm mean pore size membrane, 6 l/min 
cross-flow rate, 4 bar trans membrane pressure (TMP) and 30oC temperature.  The 
ultrafiltration set-up with flat module and UP010, UC010 and UC030 were used. The 
results showed that 100% fat, 62,5% casein, 58% lactose were presented in the 
retentate, 60% whey protein was passed to the permeate and 19,81 L/m2.h flux were 
achieved. In these results, the optimum conditions were determined as UP010 
membrane, 6 l/min cross-flow rate, 8 bar transmembrane pressure (TMP) and 30oC 
temperature. 
Fat concentrate produced by MF. Separation system effluent was recovered for reuse. 
In the second part of study, three different UF membranes were applied to the raw 
wastewater of the dairy industry (cheese whey). At microfiltration as first stage, flux 
values ranged from 7 to 12 L/m2.h, while pressure ranged from 2 to 4 bar. A very 
good removal of COD was obtained. Concentration level of COD has decreased 
approximately 40%. 
The fat and casein were retentate from microfiltration membrane. Then, the lactose 
and whey proteins were released by ultrafiltration. Released proteins should be 
concentrated and separated efficiently from lactose by diafiltration and spray dried to 
produce WPI containing 95 % protein. 
WPCs were produced by UF. When the protein concentration exceeds 90% the 
product is known as whey protein isolate (WPI). To increase the protein 
concentration, a modification of the process, known as diafiltration, should be 
employed to further decrease the lactose and mineral content. 
The retention of protein by the exp. no 26 was 40%, and there was a partial retention 
of lactose. Ultrafiltration/diafiltration should be used to separate whey protein from 
lactose sugar and other components in the whey. Whey protein has found a good 
market as a food additive or protein supplement. The permeate stream after UF/DF is 
mainly composed of lactose, salts, and a lot of water, which can be dried to produce 
whey permeate powder (deproteinized whey). Drying of whey permeate need to 
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remove large amount of water, which is an energy-intensive process. The lactose 
sugar fraction in cheese whey can be used to produce value added products such as 
lactic acid, ethyl alcohol, and methane gas or to grow cells for an antibacterial 
compound, but this is not currently in full-scale production. 
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